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PROTON THERAPY: ITS RATIONALE AND CLINICAL USE 

OVERVIEW 

Cancer control occurs in about 50% of the more than one million new cancer patients 

seen in the United States each year. Of those uncontrolled, about 50% fail in the local region of 

origin. Morbidity and the cost of cancer treatment are unacceptable. Each of these issues should 

be addressed with developing new methods of cancer management. 

Radiation therapy, appropriately used, addresses each of these issues favorably in selected 

clinical situations. Protons as a carrier of energy further enhance the favorability o.f radiation for 

each of these issues and broadens the range of selected clinical situations. Radiation therapy is 

the process of depositing excess energy into undesirable cells within a patient, to inactivate or 

destroy those cells. The major problem associated with clinical radiation therapy is the inability 

to avoid serious injury to normal cells. Minimizing normal tissue injury, therefore, is the 

primary concern and requires consideration of the energy-carrying particles' absorption 

characteristics as well as time, dose, and tissue-volume issues. Prior to the availability of 

hadrons for clinical use, the option of more-favorable absorption characteristics·was a silent 

issue. The current availability of neutrons and protons in a hospital setting bring this 

consideration to the forefront. 

Optimization of treatment planning, therefore, requires consideration of the type of 

radiation employed in each clinical situation. Each subatomic particle has a unique set of 

physical and electrical properties that influence its availability and desirability for therapeutic 

purposes. The variety of particles in clinical use today cause considerable confusion regarding 

their optimum role for treatment. Clarifying this confusion must begin with a clear 

UIJ.derstanding of the physical principles involved in the energy deposition of each particle on a 

subatomic and molecular basis, followed by understanding of biologic effects on molecular, 

cellular, tissue and organism levels. Table I provides data for some particles, including those in 

clinical use today. 
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Table 1: Subatomic particles 

Rest Principal 
Particle Anti· Mass Lifetime Decay 

Category Name Symbol particle (MeV/cS) (s) Modes• 

Photon Photon y Self 0 Stable 
Leptons Electron e- e+ 0.511 Stable 

Neutrino (e) Ve Ve O(?) Stable 
Muon µ- µ+ 105.7 2 . .20 X 10-a e-Vevµ 
Neutrino (µ) v.., v,, O(?) Stable 
Tau ,- ,+ 1784 <4 x 10-13 µ-VJl.v'tt e-Vev,. 

hadrons 
Neutrino (T) v, V" O(?} Stable 

Hadrons 
Mesons Pion 71:+ 71:- 139.6 2.60 X 10-e µ+v/I. 

71:0 Self 135.0 0.83 X 10-16 2y 
Kaon K+ K- 493.7 1.24 X 10-e µ+v,., n+:n:o 

Kg Kg 497.7 0.89 x 10-10 71'+1[-, 271'0 
Kf Ke 497.7 5.2 x lo-a :n-:t:e+tti'e 

:n::µ°"''v' ... 
371'0 

Eta 710 Self 548.8 <10-16 2y,3µ 
Baryons Proton p E 938.3 Stable 

Neutron n n 939.6 920 pe-ii'e 
Lambda 11.0 j\o 1115.6 2.6 x 10-10 px-, n:n-0 
Sigma :t+ :I- 1189.4 0.80 x 10-10 px0 , nx+ 

l:O :Io 1192.5 6 x 10-10 J\Oy 
l:- !+ 1197.3 1.5 x 10-10 nx-

Xi :::o EO 1315 2.9 x 10-10 A0nO 
::- :+ 1321 1.64 x 10-10 Aox-

Omega n- n+ 1672 0.82 x 10-10 E07r-, J\OK-

* Multiple notations, such as p~.n1t" mean two possible decay modes. In this case, the two 

possible decays are A 0 -> p+1r- or A 0->n+1t". (Modified from Serway1
) 

Basic factors to consider when selecting the most appropriate particle as a carrier of 

energy for therapeutic purposes include: 

1) the macro pattern of energy distribution produced; 

2) the micro pattern of energy distribution or the spatial structure of the particle track; 

3) the cost associated with using the particle. 

Generally, the fundamental or stable charged particles having a large mass relative to an 

electron provide the most desirable absorption characteristics for therapeutic purposes. The 

ideal depth-dose distribution is shown in Figure 1. Here the deposition of energy is maximum in 

the target volume for each single particle. This pattern, admittedly not realistic, serves as an 

objective for central axis depth dose intercomparisons. 
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Figure 1: The ideal macro pattern of energy distribution along the central beam axis. 

Heavy charged particles of the Hadron family most closely represent this ideal pattern. 

Figure 2 shows central axis depth dose plots for a variety of photon energies and protons. 

INTEGRAL DOSE COMPARISONS 
300 Proton Co60 

TUMOR 499 502 
4MV 18MV 
501 501 

NORMAL TISSUE 1131 3679 3523 3017 
RATIO NT OOSE Beam x/Proton 3.3:1 3.1:1 2.7:1 

250 

w 
200 en 

0 
Cl 
J: 150 I-a.. 
w 
Cl 

100 
~ 0 

50 

0 ...__._ ...................................................... ...._.1 
0 5 10 15 20 25 30 35 

DEPTH INCM 

Figure 2: Central axis depth-dose distributions: photon and proton beams 
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The differences between the energy deposition of photons and protons result from the 

differences in their composition. Photons are fundamental particles having no mass and no 

charge, characteristics which produce inherent interactions with the target material. Photons 

deposit energy by ionization through the photoelectric, Compton and pair production 

mechanisms, resulting in an exponential energy loss with depth of penetration. Lateral scattering 

of the primary and secondary electrons is large with these mechanisms of ~teraction. Their 

absorption characteristics seriously limit their success in clinical therapy. Protons have a 

positive charge and about 1800 times the mass of an electron. Their energy is deposited 

primarily by charge interactions with orbiting electrons, resulting in ionization and excitation. 

This mechanism, plus the larger mass of a proton as compared to an electron, results in less 

lateral scatter for the primary proton beam. The secondary electrons are also primarily scattered 

in a forward direction. As the protons proceed forward, energy is transferred to the orbiting 

electrons along their path, depositing increasing energy as their velocity decreases. This 

characteristic provides a low deposition of energy at the point of entrance, in the patient, with 

increasing energy losses occurring until a critical velocity is reached, resulting in their remaining 

energy being deposited within a few millimeters of travel and forming the Bragg peak. The 

energy deposited varies only with the electron density of the tissue radi_ated and the velocity of 

the protons at any given point. Energy transferred is inversely related to the square of the proton 

velocity. The depth of the Bragg peak is directly related to the initial proton energy and the 

density of the tissue traversed. Less than two percent of the protons' interactions result in nuclear 

interactions which cause nuclear fragment recoils and lineal energy transfer ranging up to about 

100 Ke V per micron. The capability of minimizing the entrance dose and placing the Bragg peak 

at any desired depth in a patient, while producing a sharp stopping edge that conforms to the 

distal contour of the target tissue, makes the proton beam a superior instrument when compared 

to photons and electrons. Also, the biologic effect advantage resulting from ionization track 

structure places the higher biologic effectiveness in the target region, providing another 

advantage for protons. 

To develop protons for routine clinical use, it was imperative that a hospital-based system 

be developed to demonstrate the feasibility of building and operating such a complex system in a 

health-care setting. To achieve this goal, scientists from many particle-physics laboratories, 
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universities and industries participated in developing a conceptual design of an entire clinical 

facility capable of accelerating protons from 70 to 250 Me V, and guiding them through a 

transport system into multiple treatment rooms. Design requirements for the clinical facility, 

largely developed at meetings hosted by Fermi National Accelerator Laboratory, were quite 

different from those of the physics laboratory, particularly with regard to patient treatment needs, 

safety, efficiency procedures and support facilities. Following completion of the facility 

conceptual design, F ermilab developed the engineering design of the proton accelerator and the 

system for transporting the beam to the treatment rooms. The beam delivery systems and 

treatment room facilities were designed by Loma Linda University staff with assistance from 

Lawrence Berkeley Laboratory (LBL ), Harvard Cyclotron Laboratory (HCL) and the Paul 

Scherrer Institute, primarily. Three 360° rotating gantries were developed with additional design 

support from Science Applications International Corporation (SAIC). These, together with two 

fixed horizontal beam lines, provide delivery of proton beams from any angle. The gantries and 

the patient couch can be maneuvered for delivering beams at simple and compound angles to 

optimize beam entry, avoiding sensitive structures while the patient remains fixed in a 

comfortable position within a mould to assure precise positioning for treatment. 

Patient treatments began in October, 1990, and by 1992, an average of 30 to 40 patients 

were being treated daily. Total facility uptime for patient use has exceeded 98%. To date, nearly 

800 patients have been treated. The facility has clearly demonstrated the feasibility of bringing 

charged-particle hadron therapy into a hospital setting. 

HISTORICAL :MILIEU: DEVELOP1\.1ENT AT LOMA LINDA UNIVERSITY 

Following Robert Wilson's lead in the 1940s and the early work done at Berkeley and 

Harvard in the United States, as well as international efforts in the 1960s, Loma Linda University 

investigators began to consider the possibility of hospital-based proton-beam therapy in the early 

1970s. Promising early results reinforced that interest; it was clear that the absorption and 

distribution characteristics of protons resulted in the delivery of very precise treatments. Loma 

Linda investigators believed, however, that exploiting this precision in clinical radiotherapy 

required a medically-dedicated treatment and research accelerator. Initial feasibility studies 
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showed that even if such an accelerator were available, it could not be exploited to full advantage 

because of treatment planning limitations. Technology was needed which would enable 

clinicians to locate precisely each tumor volume within each patient, and precisely simulate 

treatment on each patient's anatomy. 

In the early 1970s, Loma Linda laboratories developed a computer-assisted radiation 

treatment planning system which superimposed isodose contours on cross-sectional images. 

This planning system enabled radiation oncologists to design treatments, assess radiation effects 

before starting treatment, and modify a plan if necessary. Radiation oncologists and physicists at 

Loma Linda thus pioneered the union of precision tumor imaging with radiation therapy 

planning.2.3 First using ultrasound images, then images from computed tomography, LLU 

investigators developed a treatment planning system that used digitized data from diagnostic 

images to plan radiation treatment fields. This system greatly improved the precision of 

conventional treatment planning; that precision was a step toward exploiting the precision 

inherent in proton beams. 

By the mid-1980s, this improvement, together with improved computers and control 

systems, better knowledge of tumor biology and radiobiology, and advanced accelerator physics 

technology, made a medically dedicated proton-beam accelerator feasible. 

During 1984-85, national and international interest in such an accelerator and a complete 

therapy system was growing. Ongoing" discussions among a number of individuals and 

institutions interested in the therapeutic applications of protons led to the idea of a consortium to 

help with the planning process. A meeting of representatives from the high-energy physics 

laboratories, and other persons who had shown interest in heavy-charged-particle therapy, was 

held at Fennilab in January, 1985. That meeting led to the formation of a voluntary working 

group that would meet at regular intervals to define the design requirements for the accelerator, 

beam transport system, beam delivery system and the facility needed to house the hardware. The 

consortium became known as the Proton Therapy Cooperative Group (PTCOG). 

Subsequently, the design requirements for the accelerator, beam transport system, 

treatment room delivery system, and facility layout, developed to a point where the feasibility of 

developing an engineering design became evident. In 1986, Loma Linda approached Fennilab 

with a proposal to develop the engineering design of the accelerator and its beam transport 
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system for Loma Linda University. Fermilab subsequently built the synchrotron and beam 

transport system, the latter with assistance from SAIC. The beam delivery system was 

developed by scientists at Loma Linda University Radiation Research Laboratories, in 

collaboration with scientists from LBL. In 1990, the Proton Treatment Center opened. A 

description of its components is presented elsewhere.4 

The Center's accelerator is the world's smallest variable-energy. synchrotron. It is 

designed to deliver a proton beam of energy sufficient to reach deep tumors in most patients. 

Partial funding was provided by appropriations from the United States Congress and 

implemented through grants from the U.S. Department of Energy. 

ONGOING WORK AT LOMA LINDA UNIVERSITY 

The first patient treated at the Loma Linda University Proton Treatment Center is a 

35-year-old woman who had an ocular melanoma. She began treatment on October 23, 1990. 

Subsequently, many other patients with ocular melanoma were treated. Almost a year later, the 

first of three gantries became fully operational. This unique proton-beam delivery system made 

it possible for protons to be precisely directed toward any anatomic site within the body. 

Basic science and applied research have been on-going. LLU investigators continued 

collaborative research wifh scientists from East Carolina University on the biological 

effectiveness of proton beams as compared to conventional forms of radiation. Collaboration 

also continued with Clarkson University investigators on proton-beam microdosimetry.5 At 

LLU, proton-beam physics research is being performed on calibration dosimetry for proton 

beams using a water calorimeter. This work will result in the establishment of national and 

international standards for proton-beam dose calibration. LLU physicists are also developing 

new radiation detectors for proton dose dosimetry. Biological research on the effect of radiation 

on the microvasculature of the rat brain and sterological measurements of the late tissue effects 

therein, are also ongoing. 6-s 

In 1992, the Proton Radiation Oncology Group (PROG), in which Loma Linda 

participates in cooperation with LBL and HCL, secured funding from the National Cancer 

Institute to develop protocols for treating patients with protons and comparing the results with 
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other modes of therapy. Clinical research protocol development is an important step in 

establishing the place of protons in the cancer-treatment armamentarium. Collaborative clinical 

research continued at LLUMC through participation in NCI-supported national cooperative 

groups (RTOG, SWOB, CCG, NSABP) and with other proton therapy investigators of PROG. 

The first gantry has been used for patient treatment 12-15 hours a day. The second and 

third gantries will become operational in the spring of 1994. The research beam room is being 

completed simultaneously and will also be available early in 1994.· This room provides 

dedicated space for biological, physics and engineering research. Developmental work on the 

second and third gantries has improved the capabilities of the first gantry. The new gantries have 

a beam-spreading system which will make it possible to deliver protons to fields as large as 40 x 

40 cm. All improvements on the new gantries will be retrofitted to the first. As the gantries are 

being prepared, work proceeds on a control system which will permit rapid and, eventually, 

continuously variable energy changes. 

TREATivfENTPROCEDURES 

Of the nearly 800 patients treated at Loma Linda thus far, about 80% have come from 

California, 18% have come from other states in the Union, and 2% have come from other 

countries. Physicians or patients initiate the contact with the Proton Treatment Center by calling 

a referral representative who will connect the caller with appropriate personnel. If the patient's 

case appears to be appropriate for proton-beam therapy, the physician or patient is invited to send 

the patient's records to LLUMC for review in a new-patient conference. If the review process 

determines that the patient is indeed eligible, the patient is invited to come to Loma Linda. 

During the ensuing week, the patient is evaluated and prepared for treatment. Preparation 

procedures include detailed evaluations of the location and extent of disease; if these reveal the 

tumor to be appropriately localized, treatments proceed. 

Patients are CT-scanned for treatment in the treatment position; that is, they are fitted in 

whole-body moulds or face masks which immobilize them during scanning in the same positions 

that they will assume during treatment. The objective of this is to ensure that the patient's 

anatomical landmarks during scanning are in positions identical to those they will assume during 
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treatment. The scans taken are then used to plan treatment portals; the digital information from 

which the images are derived are the same data employed to develop the treatment plans. The 

abnormal tissue is identified by digitizing the patient's volume of interest, then reconstructing 

images of the patient's anatomy in planes perpendicular to the beams' portal(s) of entry. The 

abnormal tissue is identified in terms of primary and secondary targets: the former is the tumor 

itself, which is targeted for destruction or sterilization by ionizing radiation; the latter includes 

the pathways of tumor spread, modulated by clinical prognostic indicators. Depending on the 

anatomical extent of the tissues at risk surrounding the primary target, they may or may not be 

included in proton-beam fields. If they are not, photon beams are used. 

Treatment postioning is congruent with scanning positioning. This is accomplished by 

mounting devices which are identical on the scanning and treatment tables, and by the body or 

head moulds themselves. The process is repeated throughout every treatment. Anatomical 

verification x-rays are taken at each treatment to assure that precision is maintained. 

Presently, patients are being treated for tumors in several anatomic sites. Protons are 

being delivered to patients having ocular melanomas and other eye and orbital malignancies; 

pituitary adenomas; acoustic neuromas, meningiomas, craniopharyngiomas, astrocytomas and 

other brain tumors9
; base of brain and spinal cord chondrosarcomas and chordomas; cancers of 

the head and neck10
; prostatic and other pelvic neoplasms; paraspinal tumors; and sarcomas of 

soft tissue. Over half the patients receiving protons are being treated for cancer of the prostate. 

Two protocols for the treatment of prostate cancer have been developed. For limited-stage, 

low-grade tumors, the proton beam is used as the only treatment modality. Protons are used in 

combination with high-energy photons for higher-stage, higher-grade tumors where the potential 

for spread outside of the prostate is greater. Although no patients treated with protons have yet 

been followed for the lengths of time traditionally required to assess disease-control results, 

observations concerning rates of side effects have been made and publications reporting these are 

in preparation at this time. Generally, side effects were expected to be reduced because of the 

macrodosimetric advantage afforded by proton beams, and this expectation is being met. 

New proton-beam protocols are being developed, including those for lung cancer, 

esophageal carcinomas, primary tumors of the liver, and bladder cancer. Other anatomic sites 

which will be investigated in the near future include the uterine cervix11
, other cancers of the 
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urinary tract, neoplasms of the biliary tree, and cancer in the para-aortic lymph nodes. In the 

more-distant future, studies for treating patients with sarcomas of bone, breastcancer , 

mediastinaltumors, and hypopharyngeal, pancreatic, kidney and pediatric malignancies will be 

developed. 
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Biomedical User Facility at the 400-Me V Linac at Fermilab 

William T. Chu 

Lawrence Berkeley Laboratory, Berkeley, CA 94720 

In this paper, general requirements are discussed on a biomedical user facility at the 

Fermilab's 400-MeV Linac, which meets the needs of biology and biophysics 

experiments, and a conceptual design and typical operations requirements of the facility 
is presented. It is assumed that no human patient treatment will take place in this 
facility. If human patients were treated, much greater attention would have to be paid 

to safeguarding the patients. 

General requirements for biology user facility 

First, let's consider the differences between biomedical experiments and physics 
experiments that are conducted at an accelerator facility. Physics experiments generally 

take a long time to set up, and take an extended period, over days, weeks, and even 

years at a stretch, to accumulate data. During an experiment, ch~nges in beam 

characteristics, such as the particle energy or beam intensity, are requested only 

occasionally, unless these variables are specifically designed parameters of the 

experiment. On the other hand, biology experiments have to be set up quickly, in min­

utes to hours at most, and the irradiations of biological samples are accomplished 

quickly, again in minutes or hours. Therefore, in a typical biology running time of an 8-

hour shift, several biology experiments are scheduled requiring frequent switching of 

beam parameters, such as the beam energies impinging upon the biological samples, 
dose rates, beam sizes, and extents of modulation of stopping range within the samples. 

This implies that a biomedical facility must be designed to accommodate varied require­

ments of biology experiments quickly and reproducibly. As the same irradiation room 

as well as the preparation rooms will be successively used by several different 
experimenters, they must be designed as a multi-user facility. 

Next, the extracted beam characteristics are discussed to meet varied biomedical 

experimental requirements. Many cell experiments need uniform radiation fields of 
moderate size, e.g., 10 cm diameter with a dose uniformity within ±2.5% of the norm. 
Then, there are experiments in which large mammals or groups of animals are 
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irradiated, requiring 30 cm x 30 cm fields, and sometimes even up to 1 m x lm 

radiation field. The biology experiments also use varied thicknesses of the targets in 

which the protons are brought to rest; therefore, requiring different widths of the 

spread-out Bragg peak. Typical cell colonies grown on the flat surfaces of incubation 

flasks measure less than 100 µm, and usually pristine (i.e., unmodified) Bragg peaks are 

used to irradiate them. When tumors or organs in animals, or entire animals are 

irradiated, the width of the spread-out Bragg peaks must be enough to cover the thick 

targets, up to the entire range of the~ beam in the target ( =30 cm or more). Certain 

experiments, such as for irradiating yeast or spores, call for high dose, e.g., >106 cGy, in 

=1 minute of irradiation time. There are occasions when the experimenters vary dose 

rates, in which very high dose rate may be requested, e.g., an instantaneous rate of >106 
cGy I sec. On the other hand, in a low-dose chronic irradiation experiment, such as 

simulating the galactic cosmic-ray environment, experimenters may request the beam of 

1()4 protons/cm2/sec administered in 1-second exposure per animal per day, 5-7 days 

per week, for 6 months. All these varied experiments must be accommodated in a 

sequence in quick succession; the Linac must provide extracted beams of varied beam 

characteristics. with their change-oyer accomplished quickly and reliably. 

Next, general requirements are considered of accelerator and the beam delivery 

reliabilities. Most experiments with living organisms are time-sensitive, in the sense 

that delays in irradiation schedule due to breakdowns in accelerator operation, beam 

delivery, or dosimetric system painfully, and sometimes irrevocably, affect the biology 

experiments. In the case when, the sensitive time-window of the living organisms is 

missed, the experiment must be postponed as the biological samples must discarded 

and new samples re-prepared. Such preparation may take weeks for cells and months 

for animals. Another important aspect of biology runs is delivering repeated 

irradiations on schedule. In most biology experiments, many samples are irradiated to 

account for variations in biological systems (statistics), or samples are sometimes 

irradiated many times (fractionation). Some samples are irradiated over extended 

periods, weeks, months, and even years. It implies that the accelerator performance. 

dosimetry. beam quality. and experimental setups must be accurately and reliably 

reproducible. In a certain fractionation experiment using cells, for example, 12 samples 

are to be irradiated 10 times in succession, every 4 hours, with allowed 10 minutes of 

slips in irradiation schedule. Such an experiment requires that the 120 irradiations must 

be delivered in approximately 40 hours without missing a single irradiation schedule by 

more than 10 minutes. Otherwise the whole experiment must be repeated from scratch. 

In simulating radiation treatments, two-dozen animals may be irradiated three times 
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per week (Mondays, Wednesdays, and Fridays) for four weeks. Any miss in the 

irradiation schedules will result in obtaining new (non-irradiated) animals and start the 

experiment all over - an expensive affair for the experimenters. If the miss occurs at 

the latter stage of the experiment, it is more costly as the loss of the experimenters' labor 

must be accounted for. Typically a biology research group consists of a scientist (the 

principal investigator), a post-doc, and a technician. The group's annual budget for 

experiments may include two trips to the accelerator facility. It is easy to appreciate the 

devastation the group suffers of an accelerator failure that ruins one of their 

experimental runs. (Because of the accelerator failure, an assistant professor may lose 

the chance of obtaining her tenure.) Physics experiments can be usually repeated at a 
later time; biology experiments often do not have the luxury of next time or later time. 
Because any unrecoverable malfunctioning during the irradiation process can ruin bio­

logical samples, it is important that the irradiation procedure must be reliable. The 

facility, including the accelerator, beam delivery, and dosimetry systems., should be, 

within reason, ready when needed by the experimenters. The availability of the proton 

beams with appropriate beam parameters must be better than 99.9% within minutes of 

demands. The beam delivery and dosimetry system should be d.esigned "fail-safe"; and 

when the malfunctions do occur, the irradiation data must be recoverable so that the 

interrupted irradiation procedure can be resumed without wasting the biological 

samples. 

Typical biomedical facility 

A typical biomedical irradiation facility may consist of a shielded irradiation room, 

two experimental preparation rooms, a biomedical control room. and an irradiation 

control station. 

The irradiation room should be able to bring protons of all interested energies into 

the shielded irradiation room. The beam line should probably be split into two 

independent and fully-equipped beain lines to facilitate setting up two qifferent 

experiments at the same time, because the beam-line setups are different for different 

experiments. As soon as one experiment is over, the beam can be switched to the other 

beam line, possibly at a different beam energy, to start the second experiment. 

The experimental preparation rooms should be located in an immediate vicinity of 

the irradiation room. It is necessary to protect the biological samples from natural 

elements during transportation from the preparation room to the irradiation area. One 
of the experimental preparation rooms is for cell experiments and the other for animal 
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experiments. The former is equipped with laminar air flow hoods to prevent 

contamination of an experiments, and one experiment contaminating the other. The 

latter has two segregated areas to store two kinds of animals at the same time. (For 

details, see below.) 

The beam delivery and dosimetry are controlled from the biomedical control room. 

whi~h should be distinguished from the main Linac control room,_which controls the 

accelerator and the beam transport up to the irradiation room. An irradiation control 

station is located immediately outside of the irradiation room to facilitate biology 

experiments. Many biology experiments irradiate multiple samples requiring many 

sample changes and short exposures (opening the radiation door breaking the radiation 

chain, entering the irradiation room by experimenters for sample exchanges, exiting the 

room, resetting the radiation chain, and resuming irradiations). For these 

experimenters, controlling the exposure procedures from the irradiation control station 

greatly facilitate the running of the experiments. Availability of robotic sample 

changers will greatly facilitate the multi-sample biology runs. 

Dosimetry control system 
The protons are accelerated in the Linac, extracted at a certain specified energy, and 

transported into the irradiation room by a series of bending and focusing magnets. As 

the proton beam enters the irradiation room, it is modified accqrding to the 

requirements of the biology experiments. Various beam parameters are manipulated 

and monitored by the dosimetry control system to ensure the delivery of the desired 

radiation. 

Here, the impact on biology experiments is discussed of the emittance of the proton 

beam from the Fermilab Linac, which is taken to be: the transverse emittance 

(unnormalized 90%) of <11t mm-mrad (minimum) and 71t mm-mrad (maximum). 

When a proton beam impinges a biological sample, taken to be of uniform water 

density, the multiple scattering broadens the beam. An order-of-magnitude analysis 

will be performed to see whether the Linac emittance will be the limiting factor in the 

biomedical beam delivery. The first analysis is for a proton beam irradiating a field of r 

= 10-cm radius into z = 20-cm range. For such protons the multiple scattering will 
produce a Gaussian-like spread with cry = 0.43 cm. A comparable divergence is given 

O' 0 43cm 
by: e=r·0=r_L=10cm · =2.2x103 mm-mrad, which is two orders of 

z 2ocm 

magnitude larger than the Linac emittance. The second analysis is for a proton beam 

irradiating a field of r = 0.5-cm radius into z = 10-cm range. For such protons the 
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multiple scattering cry"" 0.23 cm. A comparable divergence is given by: 

e"" r. 0 ""r cry ""0.5cm 
0· 2~ ""12x102 mm-mrad, which is again much larger than 

z 10 
the Linac emittance. In either case, the Linac emittance is not the limiting factor for 
biomedical beam delivery. Practical limitations originate from not only the multiple 

scattering in the target, but also in beam path, as well as the angti.lar confusion and 

effective "source-to-target" distance. All these considerations strengthen the above 
conclusion: the Linac emittance is quite acceptable for most of contemplated biomedical 

experiments. 
A beam line may be built over optical rails, which facilitate the alignment and 

positioning of various monitors and beam modifying devices. Since the beam 
transported into the irradiation room has a small spot size, <1 cm in diameter, and since 

the desired target size is larger than the beam spot, the beam is scattered and/ or 

defocused to broaden its profile laterally. The profile of the scattered beam is 

approximately Gaussian, and, for radiation fields of <5 cm diameter, the scattered beam 
is collimated to utilize the portion of the beam around the qmtral ray before it irradiates 

the biological sample. The attainable field size depends on the proton beam energy, and 
the required field uniformity within the useful field (usually biologists insist on getting 
better than ±2.5%). The lateral beam broadening is determined by the beam energy, the 

beam emittance, the scattering material and its thickness, and the drift space between 

the scatterer and the target. Larger fields necessitate thicker scatterers, which produce 

more fragmentations of the target nuclei and much background neutrons, and 

consequently compromise the beam quality of the radiation received by the biological 
samples. For larger radiation fields up to :::::20 cm diameter can be produced either 

using double. scattering system with occluding post-and-ring assemblyl. 2 or the 

contoured scatterer.3 Even larger fields may be obtained using a beam scanning 
system.4-6 

The sample is positioned at the end of the beam line, usually at the distal location on 

the optical rail. For multiple sample experiments, the samples are mounted on a sample 

translator which sequentially place the samples in the beam line for irradiation. The 

sample translator eliminates the tedious sample exchange by the experimenters that 

necessarily break the radiation chain, entering and exiting the irradiation room by the 

human experimenters, and resetting the radiation chain. In irradiating large animals, a 
computer-controllable precision targe~ alignment table, with 6 degrees of freedom (3 
space and 3 angles) will be very useful. The alignment of a sample on the beam lin~ is 
facilitated by laser localizers, and verified by two orthogonally-positioned x rays. 
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Fig. 1. A typical beam line for biology experiments. 
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A typical beam-line set up for a biology experiment is shown in Fig. 1. The proton 

beams are tuned using wire chambers, which measure x and y positions and 

dimensions of the beam spot. (Here, the beam axis is taken as +z direction, and the 

lateral directions x and y.) Most of the ins~ments discussed below are described in a 

recent review article,7 and thejr descriptions are kept to minimum here. Parallel-plane, 

segmented-element ionization chambers are used as dose detectors. Each ionization 

chamber has two charge collecting planes, one of them is divided in four quadrants to 

detect the position of the center of the beam, and the other is divided into several 

concentric circles which measure the size of the beam spot if the Gaussian distribution 

of the beam profile is assumed and the beam is centered accurately.8 In each biology 

experiment, the· ionization chambers are calibrated against a standard thimble 

ionization chamber, which is positioned at the center of the target, and whose 

calibration is 'traceable to a National Institute of Standards and Technology (NIST, 

formerly the NBS) source. A secondary emission monitor (SEM) is used as a backup to 

the ionization chambers. It has a lower dose sensitivity than the ionization chambers, 

but it serves well when the ionization chambers saturate because of a high dose rate. 

The beam range is varied using a variable water column, which automatically places 

specified thickness of water in the beam path. A Bragg curve of a proton beam may be 
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measured by placing one ionization chamber upstream of the water column, and the 

second ionization chamber downstream of it and immediately upstream of the target. If 

a series of measurements at various water thickness settings is made, the dose measured 

by the second chamber (relative ionization at a given depth of water) normalized to the 

readings of the first chamber (the total number of the incident protons) produces the 

Bragg curve of the ion beam inside a water al;>sorber. Either plastic or metal range 
shifters (called ~'binary filters") may be used in place of the variable water column. 

The width of the Bragg peak can be spread out by modulating the range using a 

ridge filter. The profiles of the plastic or metallic ridge absorbers are machined in such 

a way that a constant biological dose is imparted across the entire width of the spread­

out Bragg peak. A monoenergetic beam so modulated would have particles of different 
energies with different divergences. The shorter-range particles would suffered higher 

scattering by going through the thicker material, and consequently larger divergence. 

Therefore, a ridge filter must be designed for each energy of the incident beam, and for 

a given drift space. Low-Z materials, such as plastic or aluminum, are preferred for 

making ridge filters as they scatter the beam particles less than the higher-Z materials, 

such as copper or steel. As mentioned above, thin samples, such as cells grown on flat 

plates, do not need range modulation and are irradiated using pristine Bragg peaks. 

The dosimetry control system performs irradiation procedures according to the pa­

rameters specified by the experimenters. It should also perform various irradiation 

procedures, such as beam monitoring, Bragg curve taking, calibration of the dosimetry 

system, irradiation procedures for single sample and multiple samples, and data 

collection and bookkeeping of all the irradiation procedures performed by the system. It 

also controls the position of the beam plug, the thickness of the variable water column, 

the placement of the target by the sample translator, etc. Recently a very extensive dose 

delivery control system; that was developed for human treatments at LBL, was 

described,9 and specifications of a patient treatment control system wer~ published. 10 

Description of a biomedical irradiation facility 

A sketch is made to equip a biomedical user facility as described above. The items 
are grouped in the following categories: 

• Biomedical control room : The operator must have visual access to all computer 

functions and monitors, and immediate access to the controls of critical devices to 

terminate irradiations in case of malfunctions. It includes a control room 

structure, electronics racks, CCTV systems to monitor the expeFiments, and an 
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operator's console. Dosimetry control computer system - Computers, peripheral 

devices, graphics display terminals, as well as the software implementation and 
documentation. 

• Irradiation room equipment includes the beam-line modifiers and morutors for 

two beam lines, laser localizers, x-ray units to align animals, automatic sample 

positioner for multi-sample experiments, overhead hoist, CCTV, and intercom 

system. The beam-line monitors include optical rails, wire chamber for beam 

tuning, ionization chambers for dose measurements, secondary emission monitor, 

associated power supplies, dosimetry control electronics, including VME or 

CAMAC and appropriate electronic crates and patch panels, and fast beam chop 

· system to terminate the irradiation. Also included is testing equipment such as a 

standard current source for calibrating charge integrators for ionization chambers, 
an electrometer for calibration verification, an oscilloscope, and a Geiger counter 

for monitoring items removed from radiation area. Beam-modifying devices 

include degrader foil system to scatter the beam for broadening of the beam 

profile, set of ridge filters to modulate the proton ranges, and a variable water 

column to modulate the range of the beam. Also, collimators to define the port 

shape or to protect the detectors must be provided. If on-line imaging system is 
not available, and films are used for alignment aids, x-ray film developer should 

be provided. 

• Biology experimental preparation rooms: To perform biology experiments, 

experimental preparation facilities must be located in the immediate vicinity of 

this irradiation room. A sketch of a biomedical experiment preparation room is 

shown in Fig. 2. Constructing a cell preparation room equipped with cell 

handling equipment, and a animal holding room which has two segregated areas 

to hold two different experiments are proposed. To perform biology experiments 
using large uniform-dose fields to irradiate large animals, such as monkeys and 

dogs, a large radiation ~eld must be prepared without resorting to the scattering 

method which provides a limited field size while degrading the beam quality of 

proton beams. A large uniform-dose field of radiation may be provided by using 

a wobbler4 or a raster scanner.5 It is also highly advisable to provide an alignment 

couch if large animals experiments are planned. It will provide an efficient way to 
align the target accurately to the beam. Such a setup may include: alignment 

couch and its control electronics (required for accurate alignment in 3-dimension 
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with respect to the beam), a raster scanner (2 magnets, their power supplies, and 
the scan control system), and a large-area (30 cm x 30 cm), high resolution (3600 
elements) ionization chamber and associated electronics. 

Operating a biomedical facility 

For physics experiments, the accelerator operations group produces a desired beam, 

transports it to the experimental area, and tune it into a desired target. The 

experimenters set the experiment up, check the workings of detectors, calibrate them, 

and finally take data. What you do with the beam is almost entirely left to the 

experimenters. On the contrary, the biologists walk in the accelerator facility with 

biological samples, and expect the accelerator operations group provide not only the 
beam with appropriate parameters, but also the controls and monitoring of the beam so 

that the biological samples would obtain right doses on planned schedules. One may 

consider automating the beam-line setup procedures, beam calibration procedures, and 

irradiation procedures, so that the biology experimenters go about their ways by 

themselves with little help from the accelerator operations group. Such a process is 

hard to implement for various reasons: computer illiteracy of exper~enters (even they 

are dying breeds) and physics inexperience of experimenters (biologists do not feel 

comfortable unless a physicist tell them what dose their samples got). 

To make the biomedical experiments work well at the planned Linac facility, an 

biomedical operator must be present whenever there is a biology user group 

performing an accelerator experiment. The operator must be knowledgeable to change 

the beam-line setups, calibrate the beams, and perform reliable dosimetry for the 

experimenters. Once the beam and the beam line are set up, the experimenters can run 

the experiment by turning the beam on and off from the irradiation control station with 

little supervision by the operator. During the irradiation time, however, the operator 

must be on call to resolve problems or uncertainties the experimenters may experience. 

The accelerator operations group should also provide sufficient physics support. 
Whenever a new biology experiment is planned, the biology users must confer with the 

physicists to discuss for any peculiar requirements of the planned experiments, so that 

the solutions may be proposed and implemented. The physics staff should be 
responsible for setting up the beam line, and accurate execution of the experiment. The 

physicists will be responsible for running the biomedical facility and training the 

operators. 
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APPLIED BEAM PROGRAMS AT TRIUMF 
Summary of Talk to Fermilab 400 MeV Beam Workshop 

E. W. Blackmore 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada, V6T2A3 

Introduction 

The TRIUMF cyclotron has been delivering intense proton beams with energies in the 
region of interest for this workshop for over 15 years, primarily for research in particle 
and nuclear physics. However over the years of operation the user community has shifted 
to include more applications research in chemistry, material sciences and the life sciences. 
TRIUMF's location near the University of British Columbia in Vancouver has been an 
important reason for the applications research programs. The presence of the University 
Departments of Medicine, Chemistry, Plant Sciences, Engineering, and P~ysics provides 
research groups interested in making use of the beams. For about 10 years there has been 
a PET imaging group at the University Hospital, and a 2 km pipeline has been used for 
many years for transferring short-lived positron emitting radiopharmaceuticals from one 
of the TRIUMF cyclotrons to the hospital. 

Fig. 1 lists some of the parameters of the cyclotrons at TRIUMF - which now amount 
to four, as the large 500 MeV cyclotron has spawned three smaller ones. Variable energy 
beams up to 520 MeVand cw currents of225 µA are available from the large machine. Some 
early research and demonstration programs in isotope production for nucl~ar medicine re­
sulted in attracting the interest of a Canadian company, now called N ordion International, 
which purchased a 42 Me V cyclotron for location at TRIUMF and proceeded to market 
radioisotopes commercially. This proved so successful that N ordion were unable to meet 
the demand for isotopes and ordered a second machine. This time, as a technology transfer 
activity, TRIUMF, together with a local manufacturing company, designed and built a 30 
MeV cyclotron, the TR30, which is probably the most reliable, high intensity accelerator 
in isotope production today, The success of the PET program and the demand for positron 
emitting radioisotopes has led to the recent design and installation of a 13 MeV·cyclotron. 
This machine is just being commissioned for use as a research tool, not for commercial 
production. 

All cyclotrons at TRIUMF make use of H- ions for acceleration so that efficient extraction 
by stripping can provide high intensity variable energy beams. Typically three beams are 
extracted simultaneously on the large cyclotron - a high current beam for meson produc­
tion, a low energy beam for isotope production and studies of reaction mechanism, and a 
lower intensity beam for nuclear physics research. The cw proton beam from cyclotrons 
has advantages over a pulsed beam from a linac in the design of high power targets, in 
diagnostic instrumentation and in therapy where uniform beam delivery is helpful. 
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Fig. 2 is the layout of the full facility and the three isotope-producing cyclotrons and 
indicates (i) where isotopes are also produced at 500 MeV and 70-100 MeV, (ii) the pion 
cancer therapy beam line, using negative pions, and (iii) the proton therapy beam which 
is presently being installed. The high intensity 500 Me V beam is used to produce beams 
of pions and muons for the research programs. The largest number of users of muons 
at TRIUMF are involved in µSR or muon spin resonance/relaxation/rotation, which is a 
technique for studies of the structure of materials and can be applied to magnetic materials 
such as high-temperature superconductors or buckeyballs etc. More than 100 users are 
involved in this program, many from the U.S. and Japan. TRIUMF has excellent high 
luminosity polarized muon beams for this purpose produced by the intensity 500 MeV 
proton beam. The Fermilab linac energy of 400 Me V is probably too low for efficient pion 
or muon production. 

This talk will concentrate on three areas involving applications of proton beams. 

Radioisotope Production 

The commercial use of cyclotrons for the production of radioisotopes for the biosciences is 
rapidly expanding. Fig. 3 shows that the largest use is for Mo/Tc generators, but the use 
of 1231 and 201Tl, which are produced by cyclotrons, is rapidly increasing. Although 122Xe 
has better decay properties for diagnostic procedures, it requires a 100 Me V beam and as 
yet is not widely used. The main isotopes produced commercially at TRIUMF are listed 
in Fig. 4. 

About 50 professionals are involved with the PET program connected with TRIUMF, 
using this technique to study movement disorders such as Parkinson's Disease with 18F­
fluorodopa, as well as the development of new tomographic techniques and new radio­
pharmaceuticals. Typically the positron emitters have half lives of several minutes and 
therefore the cyclotron must be close to the end-user. A program is under way to de­
velop other iso_topes, studying reaction mechanisms mainly using (p, xn) reactions to look 
for maximum purity of the desired isotope. As mentioned earlier the PET program has 
become so demanding for radioisotopes that a grant was awarded to build a dedicated cy­
clotron for this purpose, with a self-shielded, compact design for the hospital environment 
as shown in Fig. 5. The 70-120 Me V beam line is used to study radioisotope production 
as well as for some commercial production. 

Radiation Damage/Detector R&D 

Particle beams at TRIUMF are in heavy demand for detector R&D and radiation damage 
studies. Typical applications are particle identification tests as pure or tagged pion, muon, 
proton and electron beams are available and high rate studies. The energies available for 
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protons and pions are in the range of interest for space applications and for damage tests 
of detector components for the Te V colliders. 

Radiation damage tests (see summary Fig. 6) have been carried out at very high doses, 
109-1010 rads, for tests of components to be used in the TRIUMF target areas, to 103-106 

rads for tests of electronics and detector components. A typical requirement for some of 
the detector tests for the SSC is a flux 1014 protons/cm2 over a 10 cm x 10 cm area. 

The solar proton flux in a polar orbit has energies from tens to a few hundreds of MeV. 
Fig. 7 shows a proton energy spectrum behind two thicknesses of aluminum absorber. The 
average yearly dose to a satellite is in the order of a few krad. Testing of microelectronics 
and development of radiation hard electronics requires proton beams in this energy range. 

As yet there is no dedicated irradiation beam line at TRIUMF and ad hoc solutions are 
found to provide the proton fluxes and beam spots required using one of the existing beam 
lines. Typical of a high dose study was a test of the radiation hardness of permanent magnet 
materials. TRIUMF was planning to install quadrupoles made of samarium cobalt near 
the meson production target and was interested in finding out how long their magnetic 
properties would be retained. Fig. 8 shows the result of this work. It was found that 
radiation hardness was better with a 2:17 composition of SmCo, but it depended on the 
manufacturing process. Magnets with this material are expected to last > 10 years in the 
required location. 

Radiation Therapy at TRIUMF 

The medical program in cancer therapy is a collaboration between the B.C. Cancer Agency, 
the U.B.C. Faculty of Medicine and TRIUMF. Pion therapy has been carried over 10 
years with more than 300 patients having been treated. Fig. 9 shows a summary of the 
pion treatment sites. At the present time a randomized trial is underway for two sites, 
glioblastomas and cancer of the prostate. This treatment makes use of negative pions, a 
flux of 108 /second at 80 Me V produced by 150 µA of 500 Me V protons. 

A more recent development involves the construction of a proton beam treatment facility 
for tumours of the eye or orbit. This facility will use the existing 70-120 MeV beam which 
can treat to a depth of about 10 cm. The layout of the beam delivery system is shown 
in Fig. 10 and first patient treatments are expected to begin by summer 1994. The use 
of proton beams up to 250 MeV for the treatment of AVM's and deeper tumours is also 
planned but not funded as yet. The proposed layout of the proton therapy facility is shown 
in Fig. 11. 

The higher proton energies available from the TRIUMF cyclotron offer the possibility of 
proton radiography as well. Some tests of the sensitivity of protons to detect small density 
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variations in materials were carried out in the late 1970s at TRIUMF using a scanned 1 
mm diameter proton beam. Fig. 12 shows a schematic of the arrangement used and Fig. 13 

shows a contour plot of a small mouse in a 25 cm thick water box as measured using 200 
Me V protons. 

Conclusion 

There is a very active applications research program at TRIUMF using the proton beams 
from the four cyclotrons. Although TRIUMF was initially conceived as a laboratory for the 
study of nuclear and particle physics using beams of pions, muons, protons and neutrons, 
TRIUMF management has always encouraged collaborations with other disciplines and 
industry. The resulting benefits include not only royalty funds which are used to further 
technology transfer programs but also the cross fertilization of expertise from different 
fields which has led to the successful programs in PET tomography, radiopharmaceutical 
production, microelectronics and material sciences. 
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TRIUMF H- Cyclotron 

• Operating since 1975 

o Extracted energy: G5-120 Mc V, 180-520 Mc V protons 

• Ext.ract.c<l current: 225 JtA G'vV, lO;LA polari:t.rcl 

• 3 simultancom; Lea.ms: variable energy and i11tC'11sit.y 

CP42 H- Cyclotron 

o Opera.ting since 1979 (Nor<liou) 

o Ext.meted energy: 11-42 Mc V proton:; 

o Extractc<l current: 200 1iA CW 

o Single beam with 7 ta.rgct sta.tiom; 

TR30 H- Cyclotron 

o Operating since 1990 (Nordion) 

o ·Ext.meted energy: 15-30 Mc V protons 

o Ext.rnct.ccl current: 420 /tA C\V 

o 2 simult;mcm~s hcams with 3 target stations 

TR13 I-I- Cyclotron 

o Operat.iug sinC'e 1993 

o Extra.ctc<l energy: 5-18 McV protons 

o Extracted current.: 100/tA CW 

o 2 sirnult.an<'ons 1JC'ams all<l target st.a.tious 

Fig. 1. Parameters of the cyclotrons at TRIUMF 
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ESTIMATED USAGE OF SELECTED RADIOISOTOPES BY YEAR 
(Curies) 

Retail Retail Retail 
NucUde t1 

:2 
Consumption 1982 Consumption 1987 Consumption 1900 

99~Io/99mTc 66 h/6 h 100,000 (99.i'.vlo) 120,000 150,000 

111 In 68 h 1.so 160 18.5 

1231 13~2 h 75 1,250 3,100 

127Xe 36.4 d 100 100 100 

133Xe 5.2 d 25,000 25,000 4.5,000 . 
w1Tl 73 h 500 2,500 6,000 

Fig. 3. Useage of radioisotopes 
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Radioisotopes at TRIUMF 

Commercial: N ordion International 

~') S? 
~-Sr/ -Ru generator 

PET: Neurodegenerative Disease Program 

18 F (FDG, FDOPA), nc (Raclopride), 150, 13 N 

Radioisotope/Radiopharmaceutical Development 

188 ft, 11sw, 97 Ru, G7 Cu, 127 Xe, 122 X e/122 I generator 

Target Preparation 

Fig. 4. Radioisotopes produced at TRIUMF 
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TARGETS SHIELD 

I TR13 RADIOISOTOPE GENERATOR 

SHOWING THE CYCLOTRON YOKE ANO 
TARGET SHIELDS OPEN FOR ACCESS 

Fig. 5. Design of the TR13 - 13 Me V Cyclotron 
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TEST BEAMS at TRIUMF 

Calibration, efliciencies, particle ID, high rate studies 

•proton~, neutrons to 500 :i.Ie\" (1.10 Ge\'/c) 

• pious, muons, electrons to 0.-l Gc\'/c (taggc1l) 

• cn<'rgy resolutions :::::: 1 % or hct.ter 

• secondary beam rates 102 to 10~ partide~/sec 

Radiation Damage Studies 

• protons to 109 rads/cm2 per week 

• proton fluxes between IQ!l to 10t0 p/cm2/sec 

• uniform proton irradiations over areas of lOxlO cm2 

• some ueutron irradiation capability 

• proton and neutron energies in range of interest for space applications 
aIHl Te\" collider radiation damag" 

so:vIE APPLICATIONS USING TRIUi\lF BEAMS 

Radiation Damage/Detector Studies 

o TRIUi\IF - st.wly of railiation damage to prrmaneul magul't. lllat<'rials 

• TRll;:\.lf - study of radiation damage to magnet coil irnmlation 

o Sandia - ra<liatil)n hanlencd electronics 

o Boeiug - single upset rates in l.C.s 

• U of Sa.sk.- Calihrntion of SALAD detector with protons 

• D:\L/RHIC - Csl, PLF, DaF2 crystals with 300 MeV /c e, 7r beams 

• Tau/charm - CsI crystal te:;ts 

• B:\L Ei8i - lead g,lass radiation damage 

o SSC - dia1110111l dct1•ctor :;tuilie:; 

• SDC/Santa Cruz - radiation damage in silicon microstrip detectors 
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Fig. 7. Differential energy spectrum of trapped protons for 850 km 88.8° inclinatio11. 
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:P, ~A. n ruc..p ~ 
s .. ""'c.c. t9 s z.. 

ToLal nurnbcr of patients 
no. of sites treated: 
l3 rain ( G liobl~ton1a) 
Pelvis (ProstaLc) 
Leg 
Groinskin 
Na.sopha.rynx 
Chordoma. 
Schwanon1a 
Parotid 
Mcningion1a 
Tcrnperal Done Aden~ CA 
Melanoma Rt.. Anlrum 
AJcnoca L Middle Ear 
Ski11 Nodule Trials 

Total number of si tcs 

Phase three - randomized trial patients 
Brain 
- Photons 
- Pions 
Total. 
ToL\j.l no. required for trials 
Prostate 
- Photons 
- Pious 
Total 
Total no. required for trials 

Fig. 9. Number of patients treated using pions at TRIUMF 
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Fig. 10. Arrangement of eye therapy proton beam delivery system 
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Fig. 11. Layout of the combined eye treatment and radiosurgery area. 
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Present Status and Future Plans for Proton Beam Therapy 
at Tsukuba 

Abstract 

Sadayoshi Fukumoto 
National Laboratory for Hig~ Energy Physics 

Oho 1-1, Tsukuba-shi, Ibaraki-ken, 305, Japan · 

400-MeV Beam Workshop at Fermilab 
October 25,1993 

Cancer therapy is ongoing· with KEK 500-MeV protons. They 
are decelerated to 250 MeV with a graphite degrader and irradiated 
to patients with a passive delivery system. Liver cancer and others 
have been successfully treated. Hospital-based dedicated facilities 
based on a synchrotron and a cyclotron are designed. 

1. Introduction 
When the proton accelerator complex was being built at 

Nationai Laboratory for High Energy Physics, KEK, in 1970's, medical 
use of high energy protons was proposed. Because of energy and 
intensity of the available protons, proton beam therapy was chosen 
referring the clinical results of Massachusetts General Hospital with 
protons of Harvard Cyclotron Laboratory. 

2. Present Facility 
In 1980, a medical organization, Particle Radiation Medical 

Science Center (PARMS), University of Tsukuba, was founded and its 
facility construction started at KEK. It aimed at clinical trial of 
cancer therapy with fast neutrons and proton beams, and 
development of radiography using KEK protons. The KEK proton 
accelerator complex consists of 750-kV Cockcroft preaccelerator, 
20-MeV injector linac, 500-MeV Booster Synchrotron and 12-GeV 
Main Ring. During acceleration, extraction and return phase of the 
Main Ring magnets, 500-MeV protons are transferred to Booster 
Synchrotron Facility, which includes PARMS, materials science with 
neutron diffraction and meson physics groups as shown in Fig. 1. 
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Thus, . only 9 pulses are injected into the Main Ring out of 80 pulses 
in one Main Ring cycle of 4 seconds. 

The PARMS had three rooms of high energy beams. The first 
one was a treatment room equipped with a vertical beam for proton 
beam therapy (Fig. 2). This is the first vertical beam for proton 
beam therapy in the world. The second one was a treatment room 
with fast neutrons that were supplied from the spallation source. 
Neutrons were used for biology but no patient has been treated 
with them. When PARMS was reorganized to Proton Medical 
Research Center (PMRC) in 1990, the neutron treatment room was 
closed. The third room was a room for radiography. However, it was 
modified to a treatment room with a horizontal beam (Fig. 3). There 
were three reasons for the modification as follows. (1) Since the 
Booster beam was a several ten nano-second pulse· every 50 milli­
second, it took too long time to take CT pictures. (2) X-ray CT and 
MRI became popular very quickly. (3) Skin reaction of proton 
beams was bigger than supposed, so that two-portal irradiation was 
preferred. 

Protons of 500 Me V pass through a human body. They can be 
used for therapy just like cross-fire, but their energy is too high to 
use Bragg peak advantage. Therefore, they are degraded with a 53-
cm graphite degrader to 250 MeV with a 1-m long, 24-mm 
diameter iron collimator (range in water 32.7 cm). The degraded 
beams are analyzed by a spectrometer. To get 10 nA, a large 
emittance of 183 1t mm.mrad and a momentum width of 1.35 % are 
tolerated 1). The beams are expanded laterally by multiple Coulomb 
scattering of 6-mm thick lead plate (Fig. 4). Since the repetition rate 
of the Booster Synchrotron is 20 Hz, the spot scanning would take 
too long time for patient irradiation. A uniform field of 16 cm x 1 6 
cm is obtained at the patient position, 5 m apart from the scatterer. 
Two other degraders were installed to . get different energies, but 
they have never been used for patient treatment. 

Momentum spread for spread-out Bragg peak corresponding a 
tumor is produced with a ridge filter (Fig. 5). Two collimators are in 
the delivery system. One defines roughly the field with a square 
opening. The other is a block collimator, which is a stack of metal 
plate 5-mm thick and high enough to stop protons completely (Fig. 
6). It is placed just upon the patient and defines the field shape 
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finally. The bolus is a kind of energy absorber and designed by 
treatment planning to make maximum energy distribution 
corresponding to distal shape of the cancer. It is made of wax-like 
material, Mix-DP, with an NC milling machine, and put on the block 
collimator. 

The scattering system has merits of simplicity and 
dependability, which are important for safety and efficient 
treatment. It can accept any beam time structure too. On the other 
hand, beam utilization efficiency is higher in a scanning system. 
This, in turn, a scanning system can decrease unwanted neutron 
dose to a patient. Even for the scattering system, however, 
estimated neutron dose equivalent is at the most one thousandth of 
proton irradiation dose equivalent and no effect has been detected 
clinically so far. 

3. Clinical results 
Because of high energy advantage at Tsukuba, and because of 

less frequent eye melanoma in Japan, mostly deep-seated tumor 
has been treated2). Patients treated so far is not so many, but more 
than ones treated with pions at Los Alamos. Liver cancer is not rare 
in Japan as in the U.S., and its overall 5-year survival is. only 3 %. 

The results of liver cancer treated at PMRC are shown in Table 1 

with results of other cancers. Although figures shown are 3-year 
survival, they seem quite promising and much different from 
conventional radiotherapy experience. The total dose amounts to 80 
Gy typically. The liver moves with respiration, so that the proton 
acceleration is synchronized with its movement (Figs. 7 ,8). This 
method is effective for reduction of normal tissue irradiation (Figs. 
9,10). 

When the accelerator is running, machine time of three hours 
is assigned to patient treatment everyday afternoon except 
weekend. Because of competition among Booster Synchrotron 
Facility users, the PMRC machine time is limited to four hours a day 
including three hours above mentioned. Other clinical results 
including esophagus, lung and bladder cancer also seem to 
demonstrate merits of the proton beam (Figs. 11,12). 

Irradiation time is about 2-3 minutes without respiration 
synchronization, whereas 5-10· minutes with it. The time for patient 
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setting is typically 10 minutes. During patient setting, proton beams 
are switched to another user. 

4. Future plans 
Patients treated with proton beams in the world is more than 

ten thousands and increasing rapidly. Eye melanoma is treated with 
an accelerator of around 70 MeV, whereas deep-seated tumor 
treatment needs about 250 Me V. The maximum energy at the 
patient so far is a little bit lower than 200 MeV at Tsukuba, 
therefore, a design goal of 230 MeV is chosen for the dedicated 
facility plan. Since eye melanoma is rare in Japan, its treatment is 
not included in the future plans. 

4.1 Synchrotron version 
A few years ago, we hoped approval of a dedicated proton 

beam therapy facility would be soon, and supposed no enough time 
for R & D of the new accelerator and equipments. At that time the 
Fermilab design for Loma Linda University Medical Center was 
already disclosed. We preferred a well-established, strong focusing, 
separated-function synchrotron instead of an edge focusing 
machine3). The 3-m long straight sections can accept the injection 
and extraction apparatus of the KEK Booster Synchrotron. Medical 
doctors always want a smaller accelerator. This type of lattice can 
shorten the straight sections with minor parameter modification 
(Fig. 13). 

The injector is a commercially available 10-MeV linear 
accelerator. The simplest injection system is one-turn injection that 
was adopted by Fermilab design and needs a high current proton 
beam. The next simplest is charge-exchange injection, which is used 
routinely now. According to the 20-MeV H- injection experiment at· 
KEK, we estimated the system works down to 8 Me V. Thus a 

potential drawback of a high energy injection was removed. An ir 
ion source is not so simple in operation as a duoplasmatron, but it is 
sill developing. 

An appropriate untuned RF cavity was proposed by Fermilab. 
RF acceleration might be a "bottle neck" of a medical machine that 
requires simple structure and easy operation. A model cavity was 
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made and tested at KEK. It was confirmed that the cavity works 
well. 

Requirement for beam time structure depends on the beam 
delivery system. To irradiate a tumor uniformly, the beam must be 
expanded spatially with a scatterer or scanned magnetically. No 
restriction is for a scattering system, but uniform beam spill of slow 
extraction is required for a scanning system. We assumed a 
scattering system at the phase one and later a scanning system in 
the future plan, because the scattering system is working 
satisfactorily now. 

The planned facility has two treatment rooms. Room No.I is 
equipped with a horizontal beam and two vertical beams, one from 
the upper direction and the other from the lower direction. Room 
No.2 is equipped with two vertical beams as Room No.I, but no 
horizontal beam. 

4.2 Cyclotron version 
In fall of I991, Sumitomo Heavy Industry Co., in Japan and 

Ion Beam Applications in Belgium jointly proposed a compact 
cyclotron for proton beam therapy4). Its energy is fixed to 230 
Me V. Its weight is about 200 tons, one fifth of conventional 
cyclotron of this energy, but it is not a superconducting one. We 
called for cyclotron experts to a meeting on this cyclotron. The 
conclusion is "in principle, it is possible" (Fig. I4). 

On the contrary to the early expectations, the dedicated 
facility will be approved not so soon. Then a plan was made based 
on the cyclotron5). Fixed 230-MeV energy is acceptable because eye 
melanoma treatment is not included in the plan as mentioned 
above, and because other energies than 250 Me V were not used till 
now although the present PMRC facility has capability of ·selecting 
three steps of energy. 

If the cyclotron is equipped with an external ion source, it is 
very easy to turn on and off the beam quickly. This might be a 
favorable feature for scanning system with CW beam 
characteristics. This is one reason why we are interested in the 
cyclotron. Since the needed beam intensity is one thousandth of 
conventional cyclotrons, the external source might be ·effective to 
prevent over dose in case of ion source failure. 
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Even for proton beams, a rotating gantry is favorable. 
According to experiences at PMRC, it is not only useful to decrease 
skin effect, as mentioned earlier, but for treatment where a head is 
irradiate from several directions. In the stage of the synchrotron 
version design, few patients of this type of disease, A VM, were 
treated, but later, the number of patients increased. Therefore, in 
the cyclotron version, one treatment room is equipped with a 
rotating gantry. The design goal of uniform field is 15 cm x 15 cm. 
The drift space from the first scatterer to the patient is 3 m. The 
other room is equipped with a vertical and a horizontal fixed beams. 
Much bigger field can be produced in this room. 

The facility will be built next to the conventional radiotherapy 
facility in the University Hospital of Tsukuba. 

5. Conclusion 
A fixed-energy beam of 500 MeV is decelerated to 250 MeV 

and used for cancer therapy with a passive delivery system. This 
enables us to treat patients reliably, safely and quickly. The needed 
beam intensity is at the most 10 nA even for a single scatterer 
beam-delivery system, while any beam time structure can be 
accepted by the passive system. Drawback of the system in dose 
distribution is greatly reduced by multi-portal irradiation that is 
common in conventional radiotherapy. Two dedicated facilities are 
designed. Either a synchrotron or a cyclotron can deliver proton 
beams for therapy. The former has an advantage of variable energy, 
whereas the latter with an external ion source is more suitable for a 
scanning system. 
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Table caption 

Table I. Results of proton beam clinical trial at Proton Medical 
Research Center, University of Tsukuba. 

Figure caption 

Fig. 1. Bird's eye view of Proton Medical Research Center, 
University of Tsukuba. Proton beams come from upper 
right and go to one of three facilities, PMRC(left), spallation 
neutron target(center) and Meson Physics Facility(right). 

Fig. 2. Treatment room with a fixed vertical beam. 

Fig. 3. Treatment room with a fixed horizontal beam. 

Fig. 4. Beam delivery system of the vertical beam. TP,e proton 
beam is expanded laterally with a scatterer. 

Fig. 5. Ridge filters. They produce momentum spreads of. protons 
and spread-out Bragg peaks corresponding to the sizes of 
tumors. 

Fig. 6. Block collimator(left) and bolus(right). The block collimator 
is a stack of metal plate 5 mm thick with an opening of the 
cancer shape. It is high enough to stop the protons outside 
the cancer. The bolus is an energy absorber to make the 
maximum energy distribution corresponding to distal shape 
of the cancer. 

Fig. 7. A strain gauge sensor is attached to a patient to detect 
movement of the body caused by respiration. 

Fig. 8. Signal from the respiration sensor with level setting pulses 
(upper trace) to produce gate pulses for accelerator beams 
(lower trace). Delivered proton beams are shown in the 
middle trace. 
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Fig. 9. Treatment planning of two-portal irradiation for liver 
cancer. A cross section of the bolus is determined from the 
distal tumor configuration of the CT slice. 

Fig. 10. Recurrent liver cancer. Black area in the left before 
treatment(left) almost disappeared 2 years after the 
treatmen t(right). 

Fig. 11. Esophagus cancer. Before treatment(left), and 26 months 
after treatment(right). 

Fig. 12. Arterio-venous malformation(A VM). Before treatment 
(left), and 15 months after treatment(right). 

Fig. 13. Synchrotron-based dedicated proton beam therapy facility 
plan. Two treatment rooms are equipped with fixed beams. 

Fig. 14. Commercially available cyclotron-based dedicated proton 
beam therapy facility. One treatment room has a rotating 
gantry, and the other has horizontal and vertical fixed 
beams. 
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Table 1. Results of proton beam clinical trial at Proton 

Medical Research Center, University of Tsukuba 

Jul 1993 

· Site No. of Local control 3-year Morbidity 
patients (%) survival 

Skin 8 7 (87 .5) 87.5 0 

Brain Glioma 1 7 5 (29.4) 18.5 3 

Menineioma 14 1 2 (85.7) 75.0 0 

Head and neck 2 1 14 (66. 7) 73.3 0 

Lung 2 1 1 5 (7L4) 45.0 1 

Esophagus 28 22 (78.6) 53.8 4 

Liver 70 59 ( 84. 3) 41.4* 3 

Stomach 5 3 (60.0) 61.0 0 

Kidney 5 2 (40.0) 60.0 0 

Uterus 26 2 1 (80.8) 80.0 3 

Bladder 1 9 1 4 (73.7) 86.0 2 

Prostate 8 8 (100.0) 86.0 0 

Pediatric tumors 6 5 (83.3) 75.0 0 

Others 4 3 (7 5 .0) 100.0 1 

Total 252 190 (7 5 .4) 17(6.7%) 

* 75.0 % for good liver function 
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Practical Implementation of a Proton Radiation Therapy Facility 

Abstract: 

Donald Rosselot 
Project Engineer 

Proton Radiation Therapy Research _Project 
Department of Radiation Oncology 

Indiana University School of Medicine 
Indianapolis IN 

A proton therapy facility is in operation at the Indiana University Cyclotron Facility [l] for 

cancer study and treatment. The cost of implementing the proton therapy facility was less than 
$500,000 and took 1.9 years to complete after receiving funding. The average staff at the site 
was only 2.5 (Ph.D. Physics, M.Sc Physics. and/or B.S.E.E., typical). Virtually all of the specific 

design work and fabrication required for the treatment room, control system and control room 
was accomplished in the last year and a half and culminated in our first patient treatment, 

September of 1993. The project was accomplished by multitasking personnel and by using 

(where possible) existing accelerator lab resources, existing software, used hardware, and using 
personnel and techniques from the I.U. Department of Radiation Oncology. Systems were 
designed for simple manufacturing techniques and all beam-line components requiring vacuum 
(i.e._ the SEM's) were designed to fit in our standard beam pipe (four inch Ld. Dependex). Many 
of our practical solutions and techniques in implementing a proton radiation therapy facility can 

be applied elsewh-ere. 

Important note: This document is not intended to be a general description of the Indiana 
University proton radiation therapy project. For this description please refer to [l]. Nor is this 

document intended to be a text on proton therapy concepts in general. For an excellent 

introduction to proton therapy and other heavy particle therapy, pl~ase refer to the book by M. 
Raju, Heavy Particle Radiotherapy, 1980 [7]. 
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1) SAFETY 

We have tried to design and build a proton therapy facility as safe as practically possible. A 

procedural check list is run through and filled out for each patient treatment. The control 

computer and electronic systems are backed by an un-interruptable power supply. Virtually all 
electronic and control systems which affect patient safety at the LU. Proton Therapy Facility 

feature fail safe logic. Any wire disconnection, any sensor failure or any power failure to al.l 

systems that could present a safety risk to the patient will caus~ an immediate stop to the 
treatment. There are several shutdown modes (3 fully independent shutdown modes) to stop a · 
patient treatment. Normal shutdown mode, which occurs at the end of the treatment and is 
automatically initiated by the control computer. Emergency# 3 shutdown mode(# 3 halt), which 

stops the beam functionally the same as the normal mode, except that it may be initiated by the 
control computer, a dedicated hardware device or the operator via the X-terminal control console 

(see description below), and occurs before the end of the treatment. Emergency# 2 shutdown 
mode (# 2 halt), which is hard wired to the interlock circuit (see description below), functions 
independent of all computers and effects only the proton therapy beam. Emergency # 1 
shutdown mode (# 1 halt), which is hard wired to the RF shutdown circuits (see description 

below), functions independent of all computers, and quickly stops all beam in the cyclotron. 

There is a "panic button" key switch located next to the control terminal and a panic button at 

the treatment room door for stopping the beam. 
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2) HUMAN RESOURCES 
To design. build and operate a proton therapy facility. expertise in 
the following fields will probably be required. 

a. Physics 
Accelerator physicist 
Cyclotron operator 

b. Engineering and technical 
Electrical engineer 
Controls engineer 
Electronic engineer 
Electronic assembly, repair and test technician 
Mechanical engineer 
Mechanical systems assembly, repair and test technician 
Computer programmer 
Machinist 
Detector and dosimetry system specialist 

c. Medical 
Radiation Oncologist 
Medical Physicist 
Radiologist 
Dosimetrist 
Radiation therapist 
Radiation therapy nurse 

d. Administrative and Financial 
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Our solution: 
During the. construction phase of the project at the accelerator lab, we were able to minimize 

human resource requirements by multitasking and paralleling job duties of the LU. medical group 

personnel at the accelerator lab and thus i.) virtually eliminated multiple personnel requirements 
ii.) greatly reduced the use outside contractors iii.) minimized the use of the general nJCF labor 

pool and iv.) minimized the use of human resources from the LU. Medical Center at 
Indianapolis. 

a. Physics and 

b. Engineering 

A staff scientist at IUCF (Vladimir Derenchuk, M.Sc.) did the initial investigations, feasibility 

and requirements work. A nuclear physicist (Chuck Bloch, Ph.D.) at nJCF was hired to manage 
the project at the Lab. Dr; Bloch's roles included accelerator physicist, computer control system 
programmer, laboratory liaison, personnel director, major systems specifier, and writer/researcher. 
Engineering and technical support were provided by Donald Rosselot, E.E. (electrical, controls, 

electronic, dosimetry hardware, mechanical systems design, programming, specifications, 
purchasing, fabrication, electronic assembly, machining, systems installation, writing and 

experimental setup) and Matt Fasano (beam shaping system design, mechanical system design, 
machining, fabrication and installation, electronic assembly, experimental setup, detector hardware 
fabrication, programming, purchasing and writing). 

c. Medical 

Personnel costs were minimized during the six days of the (first and only to this date) patient 
treatment phase of the project by utilizing existing employees at the LU. School of Medicine. 
The necessary staff traveled 1.3 hours from the LU. Medical Center in Indianapolis to the IUCF 
lab in Bloomington IN. This staff included: 

George Sandison, Ph.D., Medical Physicist; Jim Morphis, M.D and Radiation Oncologist; Moses 

Spray, Radiation Therapist; Rose Powers, Radiation Dosimetrist; Donna Cocks, Radiation 
Therapy Nurse; Jane Berby, Chief Radiation Therapist. 
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d. Administration and Financial 

Administration and Financial matters were handled through the Department of Radiation 

oncology at the I. U. Medical Center. 

3) PROTONS AT 200 MeV OR GREATER ENERGY 

To obtain protons of this energy with today's technology requires an expensive ($50 million +) 

accelerator. 

Our Solution: 
George Sandison, Ph.D. (Chief Medical Physicist, Department of Radiation Oncology, 1.U. 

Medical Center) initiated the project. He reached an agreement with the I.U. Cyclotron Facility 
(IUCF) to begin a proton therapy project and use (where possible) existing lab systems. A small 
experimental area capable of receiving up to 200 Me V proton beam at variable current [ 1] was 
designated the proton therapy room. To minimize the impact on the nuclear physics research 
work at the lab, the beam is "split" (using an existing fast switching magnet/lambertson septum 
magnet system) to another user any time the proton therapy group is using the beam [2]. 

The IUCF staff and administration have been very supportive of the proton ther~py project and 
deserves a special thanks. Proton therapy research at a physics proton accelerator laboratory 
benefits the lab by creating general public interest and easily recognizable public benefits in a 

world of vague understanding of basic physics research. 

4) DOSE SHAPING SYSTEMS 

The proton beam must, in general, be spread out with an even energy distribution across the field 
(flattening) and the depth of the field must be varied within the tumor site to obtain the full 

benefits of the properties of proton radiation [ 4]. The two basic methods for beam flattening 
systems are active and passive. Depth spreading of the dose must be accomplished by 

modulating the energy of the beam. 
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Our solution: 

4) a. Beam area spreading 

Passive spreading of the proton beam is based on designs created with the NEU (Nozzle with 
Everything Upstream) program (copyright 1990, President and Fellows of Harvard College, file 

NEUDOC.TEX) by Dr. B. Gottschalk [3]. The NEU design program is extremely versatile and 

we found good agreement between predicted and experimental results. NEU allows for several 
user input variables including beam energy, divergence, materials for the first scattering foil, 

materials for the contoured scattering foils (CSF) and distances between the first foil, CSF and 

the patient. An annular scattering system is also permitted (and easier to machine) but our best 
results were obtained with the CSF using lucite and lead for the contour materials and lead only 
for the first target foil. Our first foil is mounted on a target ladder in vacuum and is simply a 

square piece of lead of the appropriate thickness. The CSF was machined in the IUCF machine 
shop with a computer controlled milling machine. The lucite was machined first and the lead 
was glued with epoxy to the lucite. A good quality machineable epoxy should be used (i.e. 
Eccobond 45 clear epoxy with catalyst 15 clear resin hardener, Emerson & Cumming Canton, 
MA). The lead was then machined. 

4) b. Beam depth spreading (Range Modulation) 

The proton depth dose -distribution has a sharp peak, known as the Bragg peak. The distal edge 

of this peak falls off very rapidly to zero. To obtain a uniform dose over a typical tumor, the 
peak is spread out into a plateau. Beam depth spreading is accomplished by dynamically varying 
the energy of the beam. This is done with an acrylic energy degrader (fan) of varying widths 
[10] [see Fig. 7]. A two blade fan design was used and constructed out of 6 mm lucite sheets. 
This was very easy to manufacture, and can be made very rigid by gluing the individual sheets 
with clear acrylic cement. The specifications were calculated by "fan_design" program, written 
in Fortran by C. Bloch, Ph.D, Indiana University School of Medicine. The fan is driven by a 114 

Hp, 10 amp de motor at a constant speed, usually between 11 and 17 rev/sec. Poor dosimetry 
profile measurements occurred with the water phantom (see description below) at frequencies 

near multiples of the beam split frequency due to beating. 
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4) c. Range shifting 

The beam energy, if higher than needed for experiments or treatment, may be "range shifted" to 
a lower energy. This may be accomplished by placing energy absorbers of the appropriate 

thickness of acrylic or other low Z material to obtain the desired range for the beam. This is 

particularly convenient when the beam energy is fixed during an experimental run or a treatment 

requiring multiple ports and multiple energies. Energy shifting by this method causes the mono­

energetic beam to become energy straggled. A poorly defined range and diffuse bragg peak is 

expected for a high energy beams (i.e., 800 MeV) when compared to a beam of 100-200 MeV 

[7] [9]. The range shift can be accurately measured in a Water Phantom dosimetry system (WP), 

calculated with the range_shift program (Fortran), or found in data tables (e.g. Janni [11]). 

5) DOSIMETRY AND DETECTOR SYSTEMS 

Detectors of various types are required to setup and monitor the dose and beam properties. One 

quality commercial ion chamber for monitoring dose can easily cost $10,000. Most accelerator 
labs have detector design and assembly capabilities and manufacture their own. IMPORT ANT 

NOTE: The dosimeters commonly used (i.e. TLD's and ion chambers) may not give linear 

and/or comparable results in all range of beam currents, between types of dosimeters and between 

types of radiation [8]. 

Our Solution: 
There are five independent detectors (two SEM's, two split ion chambers and a multi-wire ion 

chamber, see descriptions below) in the proton therapy beam line to monitor beam properties 
and/or dose. All of our detectors produce a current output which is processed by several 

electronic devices (see descriptions below). First they are converted to a frequency pulse train 

(whose frequency is proportional to the incoming current) by a current to frequency converter 

(either a CTF or CTF2, which differ in sensitivity). These output pulses are counted by LeCroy 

1151 scalers, which are read through the VME bus by the rt300 computer. Signals are processed 

by the rt300 control computer and compared with acceptable operating parameters that are 

established during the setup and calibration procedures to confirm the correct operation of each 

detector. Signal analysis consists of comparing the ratio of several signal pair subsets from all 

detectors and the level of each detector signal. For example, the output current ratio between the 
split ion chamber #1 and SEM #1 are dynamically compared during treatment for ratios outside 

of the limit setpoints. Failure of a detector or signal to remain within it limits will cause a 

termination of treatment. This signal analysis is protection against signal loss in either of the 
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SEM' s, loss of vacuum that could effect SEM calibration, -loss of gas flow to the MWIC which 
would affect calibration, loss of bias voltage to the ion chambers which would effect calibration, 
against intentional or unintentional modification of beam-line components, or against calibration 

changes occurring in any detector or electrometer circuit for whatever reason. 

5) a. SEMs 

The SEMs (Secondary Electron Emission Monitors [5]) are the primary dose monitor detectors 
at the IUCF proton therapy facility. They also provide signals for the HLBCS system (see below). 

There are two independent SEMs in the proton therapy beam line which are used to redundantly 

monitor the dose. SEMs are very linear over a wide range of beam intensities and energies, and 
unlike ion chambers, they are not susceptible to saturation at high beam intensities. The SEMs, 
which must be operated in vacuum, are relatively insensitive to changes in bias voltage. Each 
SEM is constructed of eleven, .0003 inch-thick aluminum foils (Alufoil Products Co, Hauppauge 

NY) and bonded with high vacuum epoxy (Varian, Lexington MA.) and conductive adhesive to 
aluminum rings (Fig. 6). Aluminized mylar is not recommended in place of aluminum foils 

because radiation damage to the mylar will necessitate periodic replacement. Beam energy loss 
caused by these foils is negligible~ They are held together with three steel rods and spaced with 
ceramic beads (Omega Inc, Stamford CT.) to minimize the leakage current. Every other foil is 

biased at -100 volts and electrons are knocked off the foil surf ace by the high ~nergy protons. 
The electrons are collected by the unbiased foils (which are connected electrically), and their 

summed current is processed by the CTF2 (see description below). The gain of this SEM is 
approximately 0.8 of the beam current, i.e 10 nA of beam produces 8 nA output current. The 
total number of pulses from the CTF2 is directly related to the total integrated dose and the pulse 
rate is directly related to the dose rate. These pulses are counted by independent LeCroy 1151 N 

scalers (see description below) which monitor the dose and will terminate treatment independent 
of all computers in the event the control computer does not. The SEM's are calibrated against 
both a Farady Cup and a Markus ion chamber, whose calibration is traceable to a national 
standard. Hence the SEM's provide both a measure of beam current (in nA) and dose (in cGy). 
SEM bias is monitored by SEM bias detectors (described in the electronic section below) and 
deviation of bias voltage will initiate treatment halt. 

5) b. Split ion chambers 

The two split ion chambers are refurbished CGR Sagitaire (commercial electron-photon radiation 
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therapy machine) monitor chambers. Each chamber has two planes and each plane is split, two 
vertically and two horizontally. These ion chambers redundantly monitor the symmetry of the 
beam. The gain of our ion chambers is approximately 50, i.e. 1 nA of beam produces a 50 nA 
output current. There are a total of eight current signals (4 signals from each ion chamber: up, 
down, left, right) and they are initially processed by the CTF. Beam position and trajectory at 
the entrance of the scattering system affects the beam symmetry, which in tum determines the 

lateral dose distribution. Beam asymmetry will cause a relative signal imbalance between the 

split ion chamber halves. By relating these signals to lateral dose profiles taken with the water 
phantom (see description below), the lateral dose distribution can be determined. 

5) c. Multi Wire Ion Chamber (MWIC) 

The MWIC [6] consists of two wire planes (vertical and horizontal), each with ten wires spaced 
at 2 mm, and two foil anode planes. The MWIC measures the incident beam position, profile 
and intensity. 

Typical operation parameters are: 

a) Gain --> Approximately 50, i.e. 1 nA of beam produces 50 nA output current summed 
from all wires (with bias voltage equal to -100 Vdc). 

b) Bias Voltage --> -100 to -300 Vdc. 
c) Beam Spot Size--> 3.5 mm (Full Width Half Maximum). 
d) Gas type and flow rate --> Argon at 25 cc/min. 

The MWIC is located upstream of the treatment room in the Beam Line 4 area (see figure 2) and 
is used to verify that the beam properties have not changed between calibration and patient 
treatment. The 20 channels from the MWIC are processed by the CTF and LeCroy Scalers for 

analysis by the local control computer (rt300) and for graphical display on the computer X­
terminal. 

5) d. Water Phantom (WP) 

To map a simulated patient radiation dose, a detector (thimble ion chamber or diode) is placed 

in water on a three axis (x,y ,z) computer controlled motion setup. (Water is used since it is a 
close approximation to human tissue as far as stopping power and electron density are 
concerned). A reference detector of the same type is placed on the front of the WP. The 
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radiation field is scanned in one or two dimensions and the signals from the scanning probe and 
the reference probe are integrated simultaneously, and their ratios are plotted as a function of 
position. The signals are normalized in this manner so that variations in beam current do not 
cause variations in the WP profile scans. Commercial WP systems are available to perform this 

task and plot the results on a computer. Beam profiles and depth-dose curves (Bragg peaks, 

lateral dose distributions, etc. for protons) can be obtained with the same systems commonly used 

in hospitals. Typical cost is $50,000 for a complete system including the water phantom, 

computer, computer controlled ion chamber, reference ion chamber, and software. Our WP (real 

time dosimetry system) was surplus from the LU. Medical Center and is manufactured by 

Multi.data Systems. Good results were obtained with this system for use in protons [Figure 9 a. 
and b.]. Because of the slow speed that a WP acquires the data, the iteration process of tuning 
the proton beam using only a WP is tedious. Therefore, several detectors (i.e. SEMS, MWIC. 
split ion chambers, viewing scintillators) are used in conjunction with the WP ti: speed beam 
tuning. 

6) TREATMENT PLANNING SOFTWARE 

To deliver the correct dose to the correct anatomical site, treatment planning software is required. 
Most treatment planning software on the market today has been designed for photons and 

electrons. For proton therapy application, the software must be capable of hand~ing the special 
case of proton radiation. 

Our solution: 
Conventional treatment planning software was obtained from Dean Renner, University of 

Maryland (Renner Plan). This a UNIX, X-window based commercial software package and the 
cost is in the neighborhood of $25,000 (contact D. Renner for actual price). The Renner Plan 
will read in, graphically display, and manipulate Computer Tomography (CT) scans in color 

formats. The treatment can be simulated, including multiple port treatment plans, integrated with 

isodose curves onto the CT scans, and plotted out. We have installed it on an HP workstation 
running under Unix, and on Sun workstations at LU. Medical Center. Dean Renner has provided 

us with access to the source code for the development of proton capabilities. Cris Lee (M.Sc.) 
and Xiao-Yi Lu (M.Sc.), working at the LU. Medical Center have modified (and added 
approximately 1000 lines of Fortran code for the dose calculations and approximately 10,000 
lines of 'C' code for the display and plotting routines) to incorporate proton beam characteristics 

into the package. We have used this system in a limited scope [Fig. 4] for protons and hope the 
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completed package will become available in the very near future .. Contact G. Sandison for 
additional information. 

7) PATIENT POSITIONING, ALIGNMENT AND PORT VERIFICATION SYSTEMS 

POSITIONING: 
We are using a fixed horizonal beam line 196.5 cm in height and we will restrict our initial 

treatments to head, neck and brain tumors. The patient is positioned by means of a hospital 

grade examination chair (Ritter Manufacturing, Model F, surplus from LU. medical center) which 

features power driven 42 cm of motion in the vertical axis, +140/-180 degrees of manual rotation 

and +30/-15 degrees of power tilt. This chair is mounted on a custom built base (designed and 
built at IUCF by Donald Rosselot) which features power movement 19 cm laterally and 19 cm 

longitudinally, casters for expediting large movements/rotations, position lock brakes and quick 

brake release. The chair and base are controlled by a remote hand-held control which features 

digital position(angle) readout in tenths of a millimeter(degree). Due to the large amount of the 

flexibility in the treatment chair, reproducibility under load is no better than 2 mm. Therefore, 

lasers (accurate to .5 mm) are used for final positioning verification (see below). 

ALIGNMENT: 
Patient diagnostics, treatment planning, treatment simulation and head restraint custom fitting are 

performed at I. U. Medical Center using local staff and traditional methods and materials. After 

simulation at the LU. Medical Center, alignment of the patient is repeated at the proton therapy 
facility with two opposing, laterally mounted, cross-hair lasers, one overhead-mounted, line-beam 

sagittal laser and one proton-beam-coincident rear-mounted point laser. This configuration is 

typical in conventional radiation therapy. The rear mounted point laser also serves to align beam 

line components and alignment-critical structures. It is easily removable to prevent bombardment 

by the proton beam during experiments. A point laser can easily be converted to a line or cross­

hair laser by installing a 3/8 inch diameter glass rod in the laser beam near the laser output. A 

smaller diameter rod will create a larger length line (but less intense) for a given distance. By 

using surplus lasers (typical source, MWK Industries, Corona, CA) and glass rods (optical quality 

is best) we were able to assemble a complete alignment laser for $200 instead of (typically) 
$2000 from commercial vendors. 
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PORT VERIFICATION: 
Port verification is done with a surplus portable X-Ray machine from the LU. Medical Center. 

An overhead structure. (rails) parallel to the beam-line (to better than .5 mm along the 7 foot 

span) supports linear bearings and (see Fig. 8) was designed, built, installed and aligned at IUCF 

by Donald Rosselot and Matt Fasano. The X-Ray head was mounted on the rails with an 

additional axis of linear motion perpendicular to the beam to permit the X-Ray head to be 

removed from the path of the proton beam. The X-Ray film cassette and the patient specific 

collimator are also mounted on the rail bearings. 

8) ELECTRONICS AND CONTROL SYSTEM 

Much has been written about computer control systems in general and several very good and 

economical commercial systems are available. There are a few special devices in a proton 

therapy control system that require design and construction of special circuits before integration 

into a commercially available computer control system. 

Our solution: [See block diagram, Fig. 5 a. & 5 b.] 

8) a. Electronics 

i. CTF and ii. CTF2 Introduction 

The CTF and CTF2 are NIM module current to frequency converters that utilize the charge pump 

current neutralization method. They are basically a LM331 IC chip (See National Semiconductor 

application note# 240 by R. Pease) with an op-amp at the input and a Motorola TTL to ECL 

(MC10124) on the output. ECL to NIM conversion is performed by a Motorola ECL driver chip 

(MC10192) and a 680 ohm resistor to ground on the driver output Three layer (including 

ground plane) custom printed circuit boards were designed using the software package OrCad to 

mount the components to. CTF and CTF2 designer, Donald Rosselot (D.R.@IUCF). 

8) a. [i] Indiana University Current-to-Frequency converter (CTF) 

The CTF gain is optimized (.1 na to 200 uA, 100 Khz full scale) for use with our ion chambers 

and is used with the MWIC and the split ion chambers. The inputs (eight each) are currents 

(collected charge) and the outputs (eight each) are NIM pulses in a train· whose frequency is 
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proportional to the input current. Alternatively, the output can be considered as one NIM pulse 
for every 100 pC of charge collected by the CTF. Those pulses are sent to the LeCroy 1151 

scaler ~odules for processing and readout/display by the control computer. 

8) a. [ii] Indiana University Current-To-Frequency converter model #2 (CTF2) 

The CTF2 is our primary dose electrometer and is used in conjunction with the LeCroy l 151N 
scaler to integrate the dose. The CTF2 also provides a pulse train to the digital High Level Beam 
Current Sensor (HLBCS) circuit. The CTF2 gain is optimized for use with the SEMs (10 pA to 
l uA, 100 Khz full scale) and has four independent channels. The inputs (four each) is a current 
(collected charge). The outputs (twelve each, ·consisting of 2 NIM and one TTL per channel) is 
a NIM digital pulse train frequency that is sent to the LeCroy l 151N scaler module and a TTL 
digital pulse train that is sent to the HLBCS circuit. Two independent CTF2 modules are used 
to integrate the dose (leaving 3 spare channels in each module). 

8) a. [iii] LeCroy 1151N 

The LeCroy 1151 N is a scaler module for the VME bus. A primary function of the 1151 N is 
it is used in conjunction with the SEMs, the CTF2 and control computer to_ monitor dose. The 
control computer normally halts treatment within 1 % of the prescribed dose .by reading the 
1151 N count over the VME bus and initiating a normal treatment halt. For added safety, each 
115 lN module counts NIM standard pulses from the independent SEM's and is preset to count 
down and deliver an output pulse to halt treatment (via halt #1, #2 & 3) when the dose plus 5% 
is reached, independent of the VME bus and control computer. This high tolerance is allowed 
since this is the last level of redundant treatment halt mechanisms excluding operator 
intervention. Protection against failure of an 1151N is provided by the dual redundant 
independent 1151N modules and dose monitoring systems. Other uses of the 1151 are 1) 
integration of CTF processed wire chamber and ion chamber signals, 2) input for an external 
clock signal 3) as a general input for any pulse signal and 4) communication of count 
information of these signals to the VME bus for computer processing. 

8) a. [iv] Matrix DAADIO input/output board 

The DAADIO is an input/output module for the VME bus, manufactured by Matrix corporation. 
(DAADIO stands for Digital-to-Analog, Analog-to-Digital, .digital-Input, digital-Output). The 
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DAADIO card is used for input or output of various signals (e.g. input: range modulator rotating 
OK, no high beam current detected; output: beam stop control) related to dose delivery and 
communicates with the control computer for appropriate action. Failure of this device would 
cause several fail-safe logic levels to change state, initiating a# 3 halt. Critical functions related 
to patient safety are backed by independent hardware devices, which initiate appropriate treatment 

halts independent of the DADDIO board. Normal treatment termination proceeds .through the 
DADDIO board. 

8) a. [v] High Level Beam Current Sensor (filBCS) circuit 

Our standard operating mode makes an excessive dose rate very unlikely. Although the IUCF 

cyclotron is capable of producing maximum beam currents of several uA. it is difficult to produce 

large currents, and a rapid increase of an order of magnitude is rare. However, the dual 

redundant HLBCS system was designed with rigid timing specifications and a dynamic range of 

5 orders of magnitude to stop the beam before an overdose can occur under worst case 

conditions. The HLBCS is basically a specialized frequency counter. The HLBCS receives input 

from the CTF2 in the form of a TTL pulse train whose frequency is proportional to the beam 

current (the number of pulses is proportional to the delivered dose).. A higher frequency 

corresponds to a higher beam current or dose rate. A frequency set-point is established to 

correspond to a maximum allowable beam current which is found to cause ten times the expected 

(normal) dose rate. The HLBCS consists of two independent circuits and the setpoint is assigned 

with dip switches on one circuit and with software via the DADDIO board on 'the other. The 

outputs are digital signals to the RF shutdown Xmitter circuit and the interlock circuit (see 

descriptions below). The HLBCS monitors the signals from the CTF2's and are# 1 halt,# 2 and 

# 3 halt devices. The computer control system will initiate an independent # 3 halt if the dose 

rate is high by a factor of two more acts as a first level of dose rate control. Although the 

computer cannot respond fast enough to prevent an overdose in a worst case scenarios as does 

the HLBCS (i.e. massive beam current increase with fast beam current rise time near end of 

treatment), it acts as a triple-redundant level of protection for dose rate control. Beam 

overcurrent will cause a # 1, #2 and # 3 halt, an error message at the control console, a green 

LED to go off and a red LED to come on, and an audible alarm. Designer, D.R.@IUCF. 

8) a. [vi] Range modulator fault circuit 

The range modulator has a hardware dedicated circuit which monitors the rotational velocity. 

This circuit is basically a specialized frequency counter. The input is a CMOS level signal from 
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a metal proximity sensor mounted near a bolt on the coupler that attaches the range modulator 
fan to the motor shaft Pulses are produced as the fan turns and the frequency of these pulses 

is the rotational speed of the range modulator in hertz. The output is a TTL signal which is sent 

to the DAADIO board and the interlock circuit. Failure of the range modulator to maintain 

velocity above a set-point causes a # 2 and # 3 halt, an error message at the control console, a 
green LED to go off and a red LED to come on, and an audible alarm. Designer, D.R.@IUCF. 

8) a. [vii] SEM bias monitor 

The bias voltage on each SEM is monitored by independent hardware circuits. This circuit is 
basically a low current offset (to prevent exceeding bias power supply output) voltage comparator 
circuit. The input to the SEM bias monitor is the SEM bias voltage and features a cable 
(independent of the bias voltage cable) which is attached directly to the SEM. The output is a 
TTL signal to the DAADIO board and the interlock circuit. Failure of the SEM to maintain bias 

voltage causes a # 2 and # 3 halt, an error message at the control console, a green LED to go 
off, a red LED to come on, and an audible alarm. Designer, D.R.@IUCF. 

8) a. [viii] Interlock circuit 

The interlock circuit is a dual-redundant dedicated hardware circuit that accepts TTL inputs from 

all safety critical systems (i.e. dose monitoring system, range modulator fault circuit, etc). The 
TTL outputs are to two independent cyclotron stops that defines the # 2 halt and acts 
independently of all computers. This circuit will also initiate a # 2 halt if an input wire is 
disconnected or an input circuit is turned off. Designer, D.R.@IUCF. 

8) a. [ix] RF (Radio Frequency) shutdown transmitter 

circuit (RF SID Xmitter) 

The RF SID Xmitter is dual redundant and hard-wired to the RF shutdown circuit in the injector 

cyclotron. Its purpose is to transmit a beam stop request at high speed to the RF shutdown 
circuit (see below). The inputs are l) digital NIM from the LeCroy scaler and 2) TTL from the 

HLBCS. The outputs are to 1) independent differential digital signals that are sent direct to the 

RF shutdown circuit via independent cables for initiation of a # 1 halt, 2) the DADDIO board 
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for computer initiation of a # 3 halt and logging of the fault and 3) the interlock circuit for 
initiation of a# 2 halt. Designer, D.R.@IUCF. 

8) a. [x] RF shutdown circuit 

The RF shutdown circuit is dual redundant circuit designed to rapidly halt the beam by killing 

the injector cyclotron RF. Injector RF kill was chosen for fast beam-off response time and to 
minimize the effort required to restore beam after clearing the fault. This shutdown mode is used 
only when a rapid response time is required (i.e. a rapid transition to a high beam current level 

and/or the prescribed dose is exceeded by 5% due to the failure of several other beam halts) and 
halts treatment by terminating all beam acceleration independent of all computers. The input.., 

are 1) differential digital signals from the RF SID xmitter circuit and 2) TTL level from the 
Proton Therapy RF control enable (RF enable) key switch. The output are 1) TTL signals to 

enable the independent North and South RF drivers in the injector cyclotron, 2) TTL signals to 

the DADDIO board for verification of the RF enable switch position, and 3) a relay contact 
closure for enabling an audible alarm in the cyclotron control room. Designers, David Jenner 
and D.R.@IUCF. 

8) a. [xi] Audible alarm 

The Proton Therapy audible alarm will sound in the event of any malfunction to warn the staff 
of a problem. The alarm is part of the interlock circuit. The alarm can be silenced 

(acknowledged) without clearing the fault to eliminate the annoyance of an alarm while 

locating/correcting a fault. The interlock circuit will not reset until the fault is cleared. Safety 
critical hardware devices activate the alarm independent of all computers. The alarm sounds 
whenever there ia a # 1, 2, or 3 halt issued, but not under normal treatmen~ completion. 

8) b. Computers and peripherals 

Note: The failure modes of the computers and peripherals are made fail safe through the use of 

independent hardware devices for all critical functions (see hardware and electronics section), 
which initiate the appropriate halt, activate the audible alarm and LED display warnings 

independent of the computers and peripherals. 
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[i] rt300 (Clotho) 

Clotho is the main control computer for the proton therapy treatment system. Clotho is a Digital 

Equipment Corporation (DEC) computer on a VME card, installed in the VME crate, and it runs 

under the ELN real time operating system. Clotho monitors the proton therapy system status, 

automatically maintains the treatment sequence, and initiates the appropriate shutdown modes 

independent of the X-terminal display console, the display computer (OCNUS), and the ethernet 

connection. Clotho maintains a database that defines the proton therapy control system status. 

This data base is accessed by the Vaxstation 3100 for graphical display on the X-terminal. 
Failure of the rt300 initiates a # 2 halt. In the event of failure of this device and/or the # 2 halt, 
dose is monitored and terminated by the two independent LeCroy 115 IN modules using# 1 halt, 
and treatment can be terminated by the proton therapy operator using the "panic button" key 

switch. 

8) b. [ii] Vaxstation 3100 (Ocnus) 

Ocnus is a Vax workstation computer that runs under the VMS operating system. Ocnus 

accesses the rt300 database via DECNET and uses Vista control system software to create a 
graphical user interface (GUI). Ocnus is responsible for displaying the proton .therapy control 
system status graphically on the X-terminal and transferring commands and data between the 
proton therapy operator and the rt300, for program development, and loading programs to Clotho. 

Failure of this device will initiate a # 3 halt. 

8) b. [iii] Ethernet network 

The ethernet network handles the communications between the rt300 control computer, the 
Vaxstation 3100 and the X-terminal. Ethernet serves to communicate information between the 
control computer (Clotho), the X-terminal and Ocnus. Ethernet failures results in a# 3 halt. 

8) b. [iv] X-terminal 

The X-terrninal is used to download information to the rt300 control computer before treatment, 

start treatment, display graphically the status of the proton therapy device during treatment, and 
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panel and status of critical systems during treatment, and can be used to halt treatment by the 

operator. The graphical display of the beam profile and position, beam symmetry and other 

relevant information can be displayed at any time, and software calibrations made during setup, 

by opening a window. This is especially useful for rapid beam tuning. Failure of this device 

causes no problem with the treatment sequence. The operational procedure for loss of graphical 

display is the manual termination of treatment with the "panic button" key switch. 

8) c. Control computer software 

The control system software for the proton therapy control system is based on the commercial 

software "V system" from Vista Control Systems, Inc., and is running under the real time 

operating system VAX ELN on a VME based DEC rt300 real-time control computer. This 

system is dedicated to Proton Therapy data acquisition and control functions only. Vsystem, as 

configured for Proton Therapy, maintains a database and provides a user configurable graphical 

interface and several functions for communicating with the database. Device drivers for the 

VME bus provided by most hardware vendors would not work with the VAX rt300 (VME 

modules are typically designed with 68000 based microprocessors in mind) and were written by 

John Collins, Ph.D., division head of computer and electronics at IUCF. IUCF uses this 

configuration (rt300 in the VME crate, V system software, etc.) for their control system and it 

simplifies support and integration for the Proton Therapy group to follow the local standards. 

Several custom programs were written in "C" or Fortran to run on the rt300 including: 

8) c. [i] DOSE 

The basic function of Dose is to monitor the dose, write the dose to a file every second to 

maintain the dose record, and halt treatment when the dose is reached. 

8) c. [ii] PSTART 

Pstart is used to start or stop treatments from the computer terminal. 

8) c. [iii] SCAL_PRESET 

Scal_preset downloads prescribed dose information to the LeCroy scalers. 
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8) c. [iv] WC_PROFILE 

WC_profile calculates the beam centroid and width for the horizontal and vertical planes based 

on information from the MWIC. The results are compared to optimum beam profile parameters 

established during calibration to verify that the beam properties have not changed. Information 

from the MWIC, split ion chambers and SEMs are crossed checked during patient treatment to 
verify correct operation of all detectors. 

8) c. [v] SYMMETRY 

Symmetry monitors the data from the split ion chambers for symmetry and calculates Left/Right 
and Up/Down symmetry values which can be displayed graphically. The program indicates when 
these variables are out of established limits. 

8) c. [vi] INTERLOCK 

Interlock monitors all of the conditions for correct operation of the proton therapy system. 
Interlock will indicate whether conditions are satisfied to begin or continue treatment, as 

appropriate, based on all hardware and software interlocks (i.e. SEM bias ok, ~earn symmetry 
ok, etc.). 

8) c. [vii] BEAM_ OFF 

Beam_off is activated if either Dose indicates the treatment is complete or if Interlock indicates 
the treatment should be halted for other reasons. Beam_off then initiates the appropriate halt 
sequence. 
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9) REGULATORY APPROVAL 

Several agencies may specify requirements before a proton therapy facility can be used with a 

human patient. Our work has been monitored by the Indiana State Department of Health, U.S. 

Food and Drug Administration (FDA), Indiana University Institutional Review Board, Indiana 

University Machine-produced Radiation Safety committee, and the IUCF Safety committee. 

Proper and accepted documentation techniques should be followed in all areas of a proton therapy 

project to expedite the approval process. A document filing and revision procedure should be 

adopted and adhered to. Standard drafting procedures should be followed on all drawings. 

Formal techniques should be followed while developing, testing and documenting software [see 

the book "Verification and Validation of Real-Time Software, W.J. Quirk for an introduction]. 
Most important, quality and safety should be designed into the system and the approval process 
will go smoother. 
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Use of Short-pulse Beams irt Proton Therapy 

(ITEP experience and FNAL linac possibilities) 

V.S.Khoroshkov, K.K.Onosovsky 

Institute for Theoretical and Experimental Physics (ITEPj 

Today, it has been fairly convincingly demonstrated l ·1, 2, 3, 4 J 

that beams with long pulse duration (hundreds milliseconcts up to a 

second) or continuous ones, are most suitable for proton therapy (PT). 

In this sense, the situation and beam parameters are not the oest ones 

in ITEP synchrotron and FNAL linac. Nevertheless, the situation in 1''NA1 

is better and with a right approach, 

short-pulse beams could be avoided. 

certain shortcomings 

Analyzing ITEP experience in proton therapy, we are going to 

consider only three fields, namely: 

1. Dosimetry and monitoring. 

2. Dose compliance, choosing t11e intensi t:l limit, and meti:.oct Gf 

intensity reduction. 

3. Dose delivery system. 

These items are the ones in which difficulties of short-pulse beams in 

proton therapy manifest themselves most clearly. 

First of all, there is a need to agree on terrninoiogy. We 

going to use 

- number of particles per pulse (NP, part. /pulse) 

- pulse flux (FP, part.ls) 

- pulse intensity (IP, part./cm2s). 

All the data is related to the situation inside the pulse. Only 

this is interesting from the viewpoint of the three chosen !'ields 
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above. Of course, time-average parameters are also interesting, but 

only from the viewpoint of irradiation time and they will be 

considered separately. 

Fig. ·1 presents ITEP proton therapy facili t;l in a very simple 

way. The medical proton beam is ejected from the s;ynchrotron by a 

kicker and is delivered into one of the three treatment rooms. 

Below, ITEP synchrotron and. FNAL linac internal beam main 

parameters are presented which are of special interest for the 

subject: 

ITEP FNAL 

Energy, MeV 70 - 200 100 - 400 

NP, part./pulse 1 o9 - 5.1010 1 -:: -1 .-. • ,.,,; 
1U 

Pulse length ·100 ns 3U µs 

Repetition rate 15 pi min ·j ~ p/s I~ 

For the FNAL linac, the maximum number of particles per pulse is 

given here.· The real limit for this number and tl1e correct way to 

reduce it, will be considered below. 

The last two parameters of ITEP s;ynchrotron namely a ver~r short 

pulse duration and its low repetition rate, are t11e main source or' 

troubles. Note straight away that in FNAL, the pulse duration a.~d the 

15-Hz repetition rate, are mucl1 more suitable. This fact gives ilcpe 

for lifting a number of· problems, speaking in terms of proton tl1erapy. 
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1. Monitoring and Dosimetr.1 

Fig. 2 demonstrates the means used in ITEP for absolute 

dosimetry, phantom dosimetry and monitoring. 1et us consider each of 

these instruments in a little more detail. 

Absolute dosimetry. Measurements of activity (~-/ coincidences J 

induced in polystyrene in 12C(p,pn) 11 C-reaction, are used in l'rEP for 

this purpose. Closer definition made lately 1·or the reaction 

cross-section, gives hope for the accuracy of the method to be within 

± 5% E5J. It was± 7% before E6J. 

Phantom dosimetry. 

a. Photographic technique. We consider it one of t11e best: methods 

of measuring the distribution of particles (dose) across the oeam. 

Presently available photographic materials provide for measurements in 

all pulse intensity ranges possible both in ITEP anc. in i'NAL. 'l'he 

presently existing microdosimetry devices provide the space resol.uticm 

level of a few µm. Unfortunately, the response of t11e pn~Jtcgrapnic 

material depends on the energy oJ the particles, and in a.riy case, 

preliminary study of the particle spectrurn (Bragg curve) is required, 

e.g. by means of an ionization chamber. 

b. Semiconductor dosimetry. Standard dosimeters give linear 

response up to the level of 0.4 Gy/pulse (in lf.EP 

tpulse ,,_, -100 ns). Special dosimeters (special additives, 

selection) upgrade this level up to 2 Gy/pulse. 

conditions, 

c. Thermoluminescent dosimetry was used by us in comparative 

dosimetry research between PTF in Russia and abroad [6J .. 
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d. Ionization chamber (ICh). We believe, ICh is the most 

important and absolutely necessary dosimetry device. Exact lmowledge 

of the I Ch working volume gives directly the value of the absorbed 

dose~ Unfortunately, the use of I Ch in pulsed beams is always limi tect 

by some pulse intensity value IP or other depending on the !~f1amt::er 

design. When a certain IP value is exceeded, initial recombination 

process (recom~ination in one track) 1n the chamber cl1anges into 

general recombination process (recombination of in 

neighboring tracks). The response of the ICh ceases being proportionai 

to the dose. The work 1n this zone is practically impossible (Fig. 3J. 

Two ways exist for widening the working range of linear 

namely the decrease of the gap and the increase of electric riela 

tension. Consider just two examples of ICh in operation. 

ICh of JINR PTF (ordinary ICh): 

Gap - 7 mm, voltage - 2 kV (300 V/mm), IP ~ 109 

ICh of ITEP PTF (non-ordinary ICh): 

Gap - ·1 mm voltage - 1.5 kV (1.5 kV/mm), I ~ 101 5 p/cm2s. p 

It should be noted that the technology for the second lCh is 

complicated; high manufacturing precision is required. It 

especially difficult to make and operate a large-size cnamber for 

monitoring - the operation goes on the margin of electrical t,reakdown. 

Years were spent in ITEP to make the chamber 80 mm in diameter. lt is 

easy to show that even the second type of the c11amber does nJt cover 

the ~aximum pulse intensities in ITEP (I~ax = ·1016 p/cm2s) arid in .FNAL 
max 1 .- .-, 1 3 

(IP = 3·10 b p/cmc.s for ·10 plpulse, target diameter., 4 cm). 1jur 

experience sl1ows that it is not too difficult to build. I Ch with 

transverse dimensions of 25 - 30 cm for Imax 
p 
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case, the gap and the voltage between electrodes remain reasonable. 

Beam monitoring. 

Up to now, a current transformer was used as beam mcni tor ln 

I'l1EP. It is not the best instrument for dose cou..11ting, bu-c the l1igh 

pulse intensity of the beam did not allow to use an ionizatic'n 1~h2Jnber 

for it, which would be a better instrument from our point ot view. 

Fig. 4 illustrates two methods of measuring the nu~ber 01 

particles by the current transformer. 

The signal from the current tra..11sformer ( U'I') is nr1~.nnr-t i ,-,nq ·; +-,-, t"" ·-· .!;' '-" ......... ...._._, J.\..o..- 1..1 ._. 

the number of beam particles crossing its aperture. Unfortunately, the 

length of the CT together with the steel shielding against 

electromagnetic noise, is big. We can't place it in fr1::nt 1::1 a 

patient. We are forced to place it in front of the last collimat 11r 

through which not all the particles pass that passed through t11e CT. 

The ratio· of the particles passing through the collimator and 1:l11::se 

passing through the CT, depends on the distribution ·of particles in 

the initial beam. Unfortunately, this distribution is not staoie. 

Frequent CT calibration is required. It is not the best way to 

work. Another way of CT connection has been suggested which is in use 

now. The collimator is insulated and its ground contour is passed 

through the CT aperture. It is easy to understand that in tr1is 

configuration, the particles perishing in the collimator will 

subtracted from the CT signal, so the CT measures only those particles 

passing through the collimator. 

But in any case, the CT measures the nwnber of particles and not 

the energy (that is, the dose). For dose determination, the knowledge 

of the energy spectrum of particles is r oqu1'red 'PD' U.c! i·n aD· ·u ,-.;:iqo ._ . ~ ... - ' ... " ._ . ._._ -
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preliminary Bragg curve measurements are required by mea.11s of a...YJfi 

ionization chamber (at decreased pulse intensity) or a semiconductor 

detector. 

Fig. 5 presents three examples of using dosimetry means in 

in pre-clinical investigations. 

Conclusions 

1 • It is possible to build a dosimetry system without ,;;in ...... u 

ionization chamber for all intensity ranges, but it is not the best 

solution. 

2. Even high-voltage strength ionization chambers don't cover all 

ranges of ITEP and FNAL pulse intensities and they can't be used as 

monitors at full intensity. 

3. In order to use an ionization chamber, it is desirable V 1 l1a~rs 

the pulse intensity upper limit of 1013 part/cm2s. 

2. Dose Compliance, Choosing the Pulse Intensity Limit and Met11od 

of Pulse Intensity Reduction 

Evidently, the smaller number of particles in a pulse, the more 

exact compliance of deliver~d dose and prescribed dose, ·~an be 

provided. But the number of pulses must be greater, as well. 

This requirement (reducing the number of particles in a 

pulse) comes to contradiction with the work conditions in II'Ei'. 

Treatment is conducted simultaneously with physical research. One 

bunch out of the four accelerated, is taken off the accelerator 
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orbit. The remaining three are accelerated on, and used b;y 

physicists who need high beam L.'l1tensi ty, as a r11le. 01·ten, we have -co 

use only 5 - 6 pulses for dose delivery in .a fraction; that's what 

determines the dose non-compliance. Naturally, it is correc-ce 1.i in 

irradiation from a different port, or in the next fra,~tion, but i::his 

is not the best way to work. 

Presently, we are changing the work conditions, which will enable 

us to reduce the pulse intensity, improve dose compliance, and - which 

is no less important - use the ionization chamber for all mc1des of 

operation. We believe that in order to avoid our mistakes and 

difficulties, this approach (correct reduction of the number of 

particles in a pulse) should and can be chosen from the begin..'l1ing for 

medical work in FNAL. 

First of all, consider an example of a large-target irradiai::ion 

under FNAL linac conditions: 

Target volume 

Dose 

Total number of particles 

Irradiation time 

Repetition rate 

Reserve 

Number of particles per pulse 

15 liters (25 x 25 x 

2 Gy 
1 .-. h: 1·-- c 

<'-' ....;• u 

100 s 

·i5 Hz 

·;; 
'-

N = p 

:Ji:., , ... m3" ...__ ~·... I 

Generally speaking, we obtained the result that is usual !or the 

majority of modern PTF projects: time average 

This simple result leads to a rn.unber 

important conclusions: 
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1 . Probably, tl1ere are no clinical cases 

7·109 part/pulse at 15 Hz. 

2. For all clinical and pre-clinical work, it is 

this limit (7 · ·1 o9 ) to the number 01· particles in a 

Pulse durat1·on remainino- 30 µs 'for oxamp10 hv ri.::i(•T>opc:1·ng0' +~o !l'u.,1 ~ ......,."'O \ - •-' u'tl ..___._,.~ --- u ... J.- .t'"' ...L.. ., 

flux of the source). 

3. Pulse intensity of the beam incident to tile large target or _J 

the beam monitor, becomes IP ~ 4··1O11 part/cm2s. 

4. Further decrease of the number of particles per pulse (dc1~m t'J 

108 - 1 o7 part/pulse) for irradiation of smaller targets, may be do. ·~ 

in two ways (first, by 10-fold decrease of the source pulse fllL~ and 

then by shortening the pulse length). 

5. The limit IP ~ 1013 part/cm2s must always be maintained. 

As the result: 

It · becomes possible to use an ordinary large-apertu 

ionization chamber in all ranges of operation (of pulse intensity) ior 

both purposes - as tl1e research instrument in pre-clinical stucties ai 

as the dose monitor for treatment. 

It becomes possible in all cases, to provide 

the real ~d prescribed doses since not less tha..."11 a few 11U:.."'1ctred puls , 

are required for the dose delivery. 
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3. Dose Delivery Systems 

In principle, there are two types of dose delivery systems, 

namely passive and active ones. The active method implies scaru1ing of 

a narrow pencil beam in two or three directions: along the ta:rget, 

across the target and in depth (change of energy~). 

ITEP is absolutely short of time (in terms of pulse ciuration and 

repetition rate) for this method of work. The Pulgo riur~ -t- inn 
- - -- -- t,.1..i..'-· 

repetition rate of FNAL linac are not sufficient as 1Nell, anct ii: is 

not too simple to use active systems at FNAL linac beam. At ihe saT.e 

time, at least two serious problems exist if passive dose del.iver::,r 

systems are used: 

1 • If the target is to be irradiated fairly ~r;1; Th ··...i.. ... .1..1.. 

use of conformal (or close to conformal) dose fields, l l'lll i TTi ,,, i•=.r ! ..................... _._' -'- _ ..................... 

boluses, ridge filters and collimators are to be 

practically for each clinical case. At best, the latter two c.!.evi 1~es 

can be selected from those accumulated previously. 

All this is not too convenient. The PTF has to include a worr:sllop 

for prompt manufacture of these irradiation means. Nevertheless, tr1is 

difficulty can be overcome. 

2. Unfortunately, the second difficulty cannot be 0Yerc.·1Jme in 

principle. At least we don't !mow the 

passive dose delivery to overcome it. 

technique and 

Fig. 6a illustrates this shortcoming in a very q1·mnlw 1~rau 1\-,T> 
i....; ........ t"" - ., ·1 • J_' -~ 

irradiation of a complex-shape target, a ridge filter is used in order 

to form a spread Bragg peak. The length of the spread peak is to be 

equal to the biggest depth of the target. And for layer 
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of Bragg curve is ideal. For layers "a" and ff(' 11 

'--' ' tile whole curve is 

shifted closer to the surface by a bolus ~compensator), t>ut the 

extension of the spread Bragg peak remains the same and the shaded 

heal thy tissues in front of the target become irradiated with a 

greater dose than possible. The proton radiation potentials are not 

used to full extent [7J. 

For the correct irradiation (Fig.6b), it is necessary to 11ave the 

possibility to adjust both parameters - the total length of the curve 

and the length of the spread Bragg peak. In reality, it is this what 

is done by all the dynamic dose delivery systems, in one way or other. 

While for 30 years we have been developing proton therapy, the 

conventional methods of therapy also were not standing still. ·:rllese 

methods (electron beams, Bremsstrahlung) combined with good computer 

support, have got excellent technology for conformal irradiation, and 

good results these days. Today, any new PTF will be able to C: 1Jmpete 

with conventional radiation therapy methods only · i!' active dose 

delivery systems are used. 

It is extremely desirable to look for the way to create dynamic 

dose delivery systems for the FNAL linac. ·15 Hz repetition rate, 3u µs 

pulse duration and, especially, the H beam available, open certain 

possibilities for it [8J. 

The authors express their gratitude to Drs. V.Kostjuchenko, 

V.Lukjashin, D.Nichiporov and I.Zubarev, for use1·u1 discussions a..11d 

assistance in work. 
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Figure Captions 

.Fig. 1 . ITEP proton t11erapy facility. 

M - distributor magnets; Ia,b,c - treatment rooms; lla,b - con"!:r 

rooms; III - patient preparation roo'.Ils. 

Fig. 2. Main dosimetry means of ITEP PTF and fielcis or tr1~ 

application. 

Fig. 3. Working and non-working areas of the ioniza-cion chamber 

Fig. 4. ·Two ways of monitoring by current tra.risJorrner. Jee : 

text for explanations. 

Fig. 5. Top - Bragg curve study by a semiconductor 

Bottom left - Calibration of ionization chamber and 

detector using induced activity in polystyrene: ,--.111--~c 
,,_.,-4....i. .......... 

transformer; 2 - ionization chamber, 3 - polystJ'Tene pellet ', i:J.cLuc 

activity), 4 - semiconductor dosimeter (top - in water pllantomJ. 

Fig. 6a. Irradiation with the use of a passive dose 11 Cl J i ~TC 
-ti.-~.J.. t -

system. Dose-vollune histogram confirms incorrect irradiation. 

Fig. 6b. Irradiation with the use 01· an active dose ctelive 

system (ADDS). It is possible to reduce considerably the volume 

heal thy tissues in front of the target which are 

dose. 
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Medical Accelerators for Conformal Proton Irradiation 
and H- Linac Possibilities 

K.K.Onosovsky, V .S.Khoroshl<::ov 
Institute for 1rheoretical and Experimental Physics d·rEP) 

The eiperience of using proton beams in medicine, l1as been 
acquired for: almost 40 years. During tllis period, tl1e advantage 01 

protons has been demonstrated for the treatment of a nun1ber of 
pathologies .. At the .same time, the tec.hnique of using ele12.t:r·on oeams 
and hard 1-radiation, has also not been at standstill. Present.Ly, it 
provides in essence, for the use to the utmost of these types 01· 
radiation for conformal iITadiation of most of the targets. .As new 
means or computer topometry, X-ray and NMR tomograpliy appeared., j_t 

became possible to use the advantages o!' a proton oeam to tlle same 

extent. However, physical accelerators designed not for medical 
purposes, do not provide for these aims. 

Unfortunately, in designing proton accelerators specifically 
medical purposes, basic at tent ion is of ten paid as well t 1:i 

construction parameters of the proton accelerators. If we wis11 tc· 

!'or 

win 
the competition with conventional methods of irradiation, we shoulcl 
not pay the basic attention to the sir:nplici ty arict ~-:tructtu·al 

merits of proton accelerators. First of all, it is necessary to 
provide for the maximum use of the proton beam. Unfortunately, today 
we are far from realizing this possibility. Moreover, not always we 
lay this in the concepts of future medical accelerators. 

· As Russians we would like to make a rough compari~~cin. Martet 
economics are evidently more efficient than planned ones. But to prove 
this, it is necessary to create the proper conditions. 'l'oday, t11erc is 
no such conditions in Russia, and so far it 11as been impossible to 
prove the statement above. Accordingly, if we wish to prove and use 
the advant~ges of a proton beam it is necessary to build a proton 
accelerator with such beam ejection and dose delivery syst.ems that 
would provide for conformal irradiation or any target, a.111 ~Jz2.c:~ t 

fitting to the plan, safety and reasonable irradiation time wi tl1out· 

additional mechanical devices. 01' course, besictes titting cl'J.LjSS 

.. requirements, it is necessary to accotmt 1·or tl1e parameters w!:.i 1:l1 

deter~ine the accelerator reliability and those af!'ecting its cost and 
the cost· or the PTF as a whole. 

Below, the table is presented in which the accelerators have been 
placed as to the priority of certain parameters, and corresponding 
comments are made. 
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I CHARACTERISTICS P R I 0 R I Ty 

-----(-

1. SIZE cyclotron synch. H ... 1 synch. H.-1 linac. 

2. WEIGHT synch. H- synch. H+) linac. cyclotron I 

:s. .j OPERATION COSTS synch. H- synch. H• , .. cyc:1·otron I linac. 

4. COST synch. H ... synch. H-1 linac. cyclotron 

~- RELIABILITY linac. cyc:lotrcn I synch. H•t synch. H-

·I .6. RADIATION LEVEL synch. H- synch. H+ I lina.c:. cyclotron 
' --t 

I 7. PHASE SPACE OF l synch. H- linec. synch. H-1 cyclotron I 
I EXTRACTED BEAM \ linac. I 

l·-··---···--·-·-·-·l· 
s. ENERGY SPREAD synch. H- synch. H ... J l ii11'1Cs I cyclo·~;-cn l 

+-·---.. ·--;-
9. EXTRASTION ENERGY synch. H- synch. H ... 1 u.n&c. cyclotron I 

CHANGING I I 

I 

11121. BEAl1 INTENSITY synch. H- synch. H+-1 linac. cyclotron · I" 
I CHANGING I 

111. EXTRACTION DEVICE lin•c. aynch. H-1 synch. H"·I · ·cyc:l otron·· , . 
\12. POSSIBILITY TO 
I ACCELERATE LIGHT synch. H-
I IONS WIHT ~ 
I CHANGE OF 

lNSTAL.LATlON 
L-------····----.1. 
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Infortunately, the table is of a subjective character since 

in certain cases the parameters are almost identical. We will try 

to comment this table. For demensions, we would put a cyclotron 

the first place <a synchrotron for 5 T is smaller in size, but it 

does not fit all the specifications for_ a medicaI accelerator). 

An H- accelerator has the smallest weight since the magnetic fi­

eld is 0.6 T for 25~ MeV and despite of the longer magnetic path 

compared to_ that of a proton accelerator, the weight of the mag­

rcetic system is less. Running e:-,penses are 1011Jer for the sams :--2-

ason. Here we are using estimations made with regard to the cost 

of electric power and salary in Russia. Electric power consumpti­

on is lowest in the H- accelerator. The costs of the H- sygch~ct-

ron and proton synchrotron H- are app:r-cximatel y the sa:-ne. '·Ja~!-tUm 

and pumping systems of an H- accelerator are mere e:-:pensive thar. 

of proton synchrct:--on. But magnetic, po11Jer and ejection systems 

are more expensive in proton accelerators.· 

Reliability seems to be higher in the , . 
~1near accelerator. 

We made estimation of the idle time of the !TEP injector~ 

linear accelerator, and 10-GeV !TEP synchrotron fer 1.0 yea:--s from 

1977 to 1986. The ave:--age idle.time was 1.9% fc:-- +h , . -··e .1nac, 

for the proton synchrotron. The idle time of the Harvard cyclot­

ron was 2.37.. These accelerators are close in age and time cf 

operation and I think they can be compared. 

The smallest phase volume of the ejected beam is in the H­

synchrotron. The energy spread in the H- and proton synchrot:-c:ll, 

are practically the same. 

As for the possibility to change the ejected beam energy in 

the process of ejection or from cycle to cycle, the H- synchrot­

ron has definitely to be in first place. 

The radiation level is lower in the H- accel~rator since 

due to smaller phase vol~me it is possible io ~orm the dose field 

by superposition of beams instead of cutting cut a ccllimatcr af­

ter double scattering. 

Beam intensity variation is possible in an H- accelerator 

in the process OT ejection. Improvement cf the resonant slow 

ejection by means of RF transverse stirring of the beam also ma­

kes it possible to change the intensity in the proce,ss of ejecti­
on but not to such extent. If an external ·injection syst~m is 
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used in cyclotron it is possible to control its intensity. 

Definitely, a linear accelerator has the simplest ejec~ion 

system. As for a synchrotron, we are sure the recharge system ~s 

more simple than the resonant system both in manufacturing and in 

routine operation. 

An H- accelerator has another advantage in ccmpariscm ~..iitli 

a proton synchrotron, that is, a light-ion accelerator car-; be bu-

ilt on its base. This is a perspective for the future deve:orment 

of therapy with light ions. 

And in conclusion, cne mere possibility that i ·s gi \/Sr. !-.·.· 
-1 

the H- accelerator which may be used in f~tu~e. CERN s:ientists 

have stLldied the behavior of H- ions in the a:-.tiprctcn stc:""ags 

ring, and studied the process of the H- be.am neutral.i:.:::aticn by 

light. They have carried out an int~resting eKperiment on H0 beam 

ejection from the accelerator by a laser C2J. 

This opens unique possibilities to build the ejection sys­

tem where in the process of ejection within one cycle, the inten­

sity can be va:ri ed within i.-Ji de limits and the energy can be char:·· 

ged; thus the advantages of a synchrotron are used tc· the utmost. 

A 3D scanning system will make it possible to give up completely 

all additional devices~ collimators, boluses, filters, etc. 

The main advatage is that only required part of the beam is 

used, and simultaneous ejection from several places of the acce­

lerator for different treatment rooms, is possible. The particles 

remaining in the ring can b~ slowed down to eJection energy, ~nd 

therefr~re t:-ie radiation background can be reduc2d '!::.;.:. r.iini.n,_ .. ;·1. 

be required for the Ejection cf parti~les from the ac~~:~rd~cr 

within 1 second. However, vari CLtE> me.thods anC: c ;..;;1·:.,t:-,_,;.:. ~.:. c.r.:. I •' t... 
Ii>i.• ..... '--•l 

~ould prcvide for many-times power decrease are p~ssib:a, 

makinG it technically. reasonable. We are deeply convince~ t~6t 

only construction of a perfect ejection system capable of irradi-

ning without individu&l ~~chanicdl devices, will m~~~ ~r~ton~ ' ., ._ i_; 

win t.he competition with conventional t)ipes. uf irracJiC1:_iw>1. 
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Returning to FNAL linac proble~s. consider a 
variants of organizing the external proton medical beam. 

In· order to fit the requirements of the active ctose d.eliYer'J 
system (ADDS), · it is desirable to stretch the external beam pulse 
considerabl¥ (up to. hundreds milliseconds). The most evident solution 
to this problem would. be to construct a stretcher capable of energy 
variation within 250 - 70 MeV interval, or to Yary linac ejection 
energy, or,to install an additional accelerating-decelerating system 
for the beam with the appropriate power system for tl1e magnet. Since 
the linac · - in tl'1is case works as a sufficiently intensive and 
high-energy injector, the design of t11e stretcher is relativei:l :simple 
and its cost is not high. The aperture of magnets may be made smaller, 
the specifications to vacu'um and to the accelerati:ng system may be 
degraded. The problems in connection with the injection device, do not 
seem too serious. If negative hydrogen ions H- are injected. into tne 
stretcher, an ejection system may be used with recharge or H ions on 
a small recharge target or with a laser [1, 2!1 

In this case, we obtain reasonable pulse length, good operation, 
small pl1ase vollune, and the possibility to measure tl1e ejected beam 
intensity by the current of electrons procuced in beam recharge on the 
target. 

Consider the possibility to build a 3D spot scanning E!:Y'S tern 
wi tl1out the stretcher, i.e. tl1e one where the H beam rrom tile lineEU' 
accelerator is ·used, with 200 MeV energy, 30 µs pulse length, anct 
15 Hz frequency. · 

The patient irradiation time is usually assumed to be ·r 20 s. ln 
this case, the number of pulses accessible for dose field formation 
( 1800), is probably insUff icient. E'or instance, in the 3D spot 
scanning system designed by Pedroni [41 the need 11as been d.emcmstrated 
to use 10000 pulses and th~re is the possibility to a1jjust -cl113 nwnbe:r· 
of particles per each_pulse (each spot). 

· Consider one of the possible systems of raster irradiation. 1 t 
11as been demonstrated in Ref. 5 tl1at for organizing a raster sca."l'L"1ing 

system, the following conditions are required: 
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- Time of irradiation should not exeed .120 s: 
- the frequency of fast sawtooth scanning magnet should not exeed 

1 kHz Chigher frequency of the sawtooth scan is hardly to be realized); 
- for averaging the dose distribution and/or its correction at the 

expence of multiple cross of each voxel, the summary number of crosses 
should not be less than 100 -200. 

Depending on accelerator time parameters Cpulse lehgth, repetition 
rate), different modes of irradiation may be chousen. During one pulse, 
different parts of the whole target volume may be irradiated: one layer 
in depth. part of the depth layer, one line of voxels of one of the 
layer. etc. 

In any case, it is easy to show that for fitting the above three 
conditions, the accelerator duty factor Cespecially if the accelerator 
is used for treatment in several treatment rooms), should be within 0.5. 

Thus non of the raster systems considered in [5], can't be organized 
with FNAL linac parameters. where the duty factor is 0.5*10A-3, and for 
organizing the raster scanning of the beam at FNAL linac, there is 10A3 
times less real beam time than required. 

Nevertheless, the existence of the H-, makes it possible to organize 
the beam scan and the required dose distribution even with such time 
deficit. If the variable density recharge target Cposition 2 Fig. 1) is 
used on the path of the H beam, scanned by an electrostatic inflector 
Cposition 1 Fig. 1> or in some other way, it becomes possible to adjust 
the number of protons falling to each voxel of the irradiated target. 

On the path of the H beam scanned in one plane by an electrostatic 
device (position 1J, a recharge target (position 2) of variable density 
is placed Cmeaning the existence or absence of material in one point of 
the recharge target or other). After magnetic separation Cposition 3) of 
the H ions and protons. the latter are decelerated in the degrader 
Cposition 5l. The energy of protons after deceleration provides their 
stop in a line of Uoxels Cline "a" shaded in Fig. 1). The 1 MHz frequency 
of the electrostatic device provides the 60-fold pass of this line of 
Uoxels during one pulse. 

Multiple pass of each Uoxel by the beam, overages the dose 
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distribution in the line despite the time instability of the initial 
beam during the pulse. The sinusoidal character of 
the beam scan (different time of its stay in the middle of the line 
and in its periphery), 'may be compensated by changing the density 01· 

the recharge target in accordance with the same law. 'I'he same variable 
parameter (recharge target density in different points) may, generally 
speaking, be. used for creating any prescribed dose distribution in tt~e 

line of Voxels. 
After. change of the recharge target and degrader during the b5 ms 

pause between the pulses, the next line of Voxels is irradia teri (line 
"b" in Fig. -1 ) • In the similar way, all lines a, b, c, d, e o!' the 
layer .are irradiated. Tl1e layers that follow (a1 - e1 ; a2 - e2 ; 

..... a - e ), are irradiated in the same wav with successive c~hange n n v -

of the field in the slow magnet (position 4 J sca.n .. -riing t11e beam in 
perpendicul?r direction. 

Assume the volwne of one line of Voxels be ·r / 4-uu '" ·f I ~, Ii f ,-l ·f r- h • .:. 
i, -~v ""'"-'- v•.1.·._, 

total target volume. The repetition rate being ·is Hz, tl1e wi101e tarp;8t 
can be once irradiated in 40 seconds. 1rl1e typical 2 minute irradiation 
time provides for triple irradiation of the whole vol tune. Repeated 
irradiations are used for the correction of t11e dose distribution, a..ri.d. 

for better compliance of prescribed and real dose dist.ribution. the 
information for repeated (correction) irradiations may be obtained in 
the case considered, both from a multi-electrode ionization ehamber 
and by collecting t11e extra-electrons on. special electrodes after tl1e 
r~charge target . 

. Fig.. 1 demonstrates the target of simple (cubic) shape; 
naturally, for a complicated-shape target, an individual recl1arge 
target is required for eac11 pulse (each line of Voxels), with its 0 1rm 

density distribution law from point to point. Here, a number oJ 
solutions is possible: mechanical devices with moYable toothed foils 

[Fig. 2. . i eft). or a film perforated by cutter or laser. ( Fi Q. 2, 
r i l;l'htJ This solution is possible _if the fi-lrn perforation is done 
directly dur~ng the irradiation in the real time mode, and the cutter 
is controlled by an on-line computer. 

Generally speaking, a combination of a quadrupole. oetupole, and 
dodecapole lenses may be used instead of the scar..ning d.evi(2e in orcter 
to transform the beam into a line with maximtun possible density 
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uniformity. All depends on stability of particle density distribution 
in the primary beam although complete uniformity is not required in the 
primary beam, since correction may be introduced by the recharge target 
density. In case of excess linac intensity, a beam with rectangular 
densi~y distribution and low dispersion, can be obtained by means of an 
extra recharge target and magnetic system. In this case, a quadrupole 
lens would be enough for scanning. To provide safety, it is necessary 
to have a device which would pass the beam through only in case of the 
scanning mechanism in operation or with the beam stretcher lenses 
working. 

A similar scanning system may be used in a gantry. Fig. 3 
presents the schematic of the gantry designed in ITEP [3J. 

The small phase volume of extracted proton beam from H­
synchrotron allows to build the gantry system of relatively small size 
and weight. In our case, the system diameter is 6.5 m, and weight is 
5 - 6 ton. The magnets have 11-mm gaps, the field is about 1.5 T. The 
only sweep magnet is placed before the last 90 bending magnet about 
4· m from the patient. The sweep magnet is scanning a single beam into a 
line up to 30 cm long on a skin along the patient sagital axis. If the 
line length is up to 120 mm the single beams are parallel. for bigger 
line length. the divergency of single beams does not exceed .06 radian 
CFig. 4 left).Depth scanning· Ctransition of lines in depth) is achieved 
by changing beam energy from pulse to pulse. Scanning the beam in the 
direction perpendicular to the sagital one is done by parallel 
transition of lines in simultannneous turns of the gantry system and 
the last 90 magnet CFig. 4 right). Thus, the dose fieldmay be formed 
with 300*300 mm*mm transverse dimensions and minimum divergency of 
particles. The effect of dose increase on the surface noticed by 
Goitein, is either absent Cfor fields below 12 cm) or brought to 
minimum. 

In a case of extraction from the linear accelerator H beam 
instead of a sweep magnet an electrostatic scanning device is 
installed. Before the last 90 magnet, the recharge target is placed 
CFig.5). The layers obtained are summed not by means of a slow sweep 
magnet as in the previous case. but by simultaneous tu~n of the gantry 
system and the last 90 in respect to the beam entrance axis. For the 
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dose field formation with required accuracy, a number of gantry turns 
in forward and backward directions, is also required. The stop-time o 
the gantry before the reversal is 3 - 4 seconds. This idle time may b 
used for results calculating and for preparing of irradiation program 
for the next passage. 

The authors are grateful to Drs. U.M.Lukjashin and E.I.Potryasova for 
discussion and preparation of illustrations, and to Dr. I.L.Zubarev f1 
assistance in translation the text into English. 
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Fii;rure cuptions 

Fig.1. Schematic of the active dose dilivery system with electrostatic 
scanning and recharge device. 
1. electrostatic sweep: 2. recharRe device; 3. divider maRnet:. 
4. slow sweep magnet: 5. rotating degrader: 6. irradiated targe1 

Fig.2. Schematic of recharge devices. 
left: 1. H- beam; 2. set of toothedfoils: 3. individual gears for eact 

· ff ·1 4 . t f H .. t .b .. piece o ~oi ; . pie ure o .- • p a1Sur1 ut1on. 
right:!. H- beam; 3. gear: 5. perforated film. 

~. 4 . i R. • 
left: 

Schematic of ITEP gantry. 
1. electrostatic chopper: 2. magnet trap for deflected 
3. shielding; 4. last quadrupole; 5. measuring device; 
6. sweep magnet: 7. magnets: 8. quadrupole lenses. 

Schematic of irradiation alonR sagittal axes. 
1. sweep magnet; 2. bending magnet; 3. last quadrupole: 
a) quadrupole switched off; bl beam diverged by lens: 

h P. am • • ._I _.C a.u.; 

cl parallel beam; dl coverged beam. 
right: 2. magnet turning around the entrance 4. irradiated targF 

Fig.5. Schematic of Rantry for H- beam from linac. 
1. electrostatic scannin~ device; 2. recharged device; 3. rotatj 
de~rader: 4. irradiated target. 
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A 400 MeV ff-,o,+ BearnHne 

T. Kroc, Fermilab 

A proposed 400 Me V beamline was made possible by the construction oi an equip­

ment access ior the installation oi the components ior the 400 MeV Linac Upgrade. 

This access starts outside in an equipment drop pit, penetrates the shielding berm, 

and merges into the existing linac enclosure. The beamline itself would be produced 

by putting a iast pulsed magnet about 10 feet downstream oi the end oi the linac. 

This could divert the beam on a pulse-by-pulse basis to a beamline constructed in the 

accessway. 

Figure 1 shows the layout oi the area in question with a very simple beam line 

drawn in. It shows the pulsed magnet, two additional bending magnets, and two beam 

dumps. The first dump would be a high intensity dump capable oi collimating the beam 

ta low intensity ior use in the pit area. Figure 2 shows the area more closely where the 

proposed beamline meets the linac. Figure 3 shows the contour oi the berm and the 

gravel hardstand area surrounding the access pit. 

The linac RF pulses at 15 Hz. However, beam is only accelerated when there is a 

need ior it. During p-bar production at Fermilab, a pulse oi beam is needed every 2.4 

seconds. (P-bar production is presently th~ largest user oi protons, but in addition the 

Booster has a physical limitation oi one pulse per second on average.) This leaves 35 

oi every 36 potential beam pulses for other uses There is a medical treatment facility 

in the upstream half oi the linac that uses less than three hours of beamtime per day 

three days a week. This leaves a large amount oi available beam time idr the proposed 

400 Me V beamline. 

A 400 MeV H- beam can withstand 7.5 KG of magnetic field without stripping. A 

:6.ve ioot long magnet, such as some surplus one that may be available at Fermilab, could 

provide up to a 20° bend. As can be seen on :figure 1, the access pit is at a 45° angle 

with respect to the linac. This would require three bending magnets to get the beam to 

the access area, including the ·pulsed one (the pulsed magnet however would probably 

have to be specially constructed) . It is anticipated that surplus quads removed from 
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the 200 MeV transfer line between the linac and booster would be available :for this new 

line. 

The linac tunnel ceiling is 13 feet above the :8.oor. The ceiling of the covered ramp 

in 10 feet high. The linear accelerator is four feet above the :8.oor and presumably the 

400 MeV line would be also. However, the :8.oor of the covered ramp and the access pit 

slopes up at approximately 1.6° moving away from the linac. The covered part of the 

access is 9' 6" wide while the pit is 10' 9" wide. The pit is 80 feet long, the cov.:ered 

access is 60 feet, long and the area where it joins the linac enclosure is approximately 

25 feet long. 

Any equipment in the linac enclosure including the covered part of the access (up­

stream of the first dump) would only be available during scheduled down periods for the 

linac. Intervals between these down periods can be weeks or months and tend to last 

for only a few hours. Any components in this area would have to be remotely controlled 

with high reliability. The beam delivery system to the open pit (which would have some 

type of environmental enclosure built to suit the apparatus inside) will be designed to 

allow access to equipment once proper safeguards are in place to ensure beam is not 

delivered during the access. In the example beam line in figure 1, the first beam dump 

would be designed to allow only low intensity b~am into the less well shielded access 

pit. 

The energy can be varied by delaying the RF pulse oflinac cavities above the desired 

energy with beam drifting through the delayed cavities to the pulsed magnet and the 

new line. The energies possible in this manner are 166, 152, 190, 230, 271, 314, 357, 

401 Me V. It may also be possible to further vary the energy within these increments 

by changing the phase of the last active cavity. The extent to which this would be 

compatible with other desired beam parameters would require more study. 

Transverse beam characteristics and beam intensity will be controlled mostly by 

collimation after the pulsed magnet. 

This description gives the very basics of how the line would be implemented. More 

elaborate designs are possible and would almost certainly evolve in any case. Beam 

requirements not addressed here will can be evaluated to determine the feasibility of 

meeting them. 
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October 24, 1993 

The specifications for the expected beam kinetic energy are:· 

Condition Kinetic Ener2v 
. . 

100 MeV mmunum 
maxunum 400 MeV 

The total energy and kinetic energy T of a particle are related by the 
relationship 

The total energy of a particle is related to the momentum and its rest mass by 
the equation 

where m0 is the rest mass of the particle (proton = 938 Me V, electron = 
0.511 Me V). Another way of stating the total energy of a particle is a 
unitless parameter, sometimes called the time dilation factor, which has the 
value 
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October 24, 1993 

The specifications for the expected transverse beam emittance are: 

Condition Emittance 
mmunum 11tmmmr 
maximum 71tmmmr 

where the emittance tN is a 90% unnormalized value at 400 Me V. Assuming 
a transverse beta-function of 100 meters, the rrns beam size can be 
calculated using the equation 

A e N [ 1t 90% normalized] 
crx.y = t-'x,y 6~r'Yr 
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If the required beam pipe radius is 3 times the rms beam size, then the beam 
pipe and any fixed beam instrumentation must have a radius of 50 mm (2") 
in order to transmit any of the beam sizes pictured above. 
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On the left is a sketch of the electric field density for a particle with a time 
dilation factor of yr=3 residing in a vacuum. On the right is the same fields, 
but for a particle inside a perfectly conducting, round beam pipe. 

An equal but opposite image charge distribution flows along the inside pipe 
surface with the particle. The electric field lines flowing from the charge are 
terminated by this image curren.t ~istribution which has an rms length 
described by the approximate relationship 

for a particle traveling down the center of a round beam pipe of radius b. 
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The upper curve is the expected distribution width of the image currents 
from a 0.1 nsec long bunch. The lower curve is the width from a single 
particle. 

-137-



October 24, I 993 

The shape of the frequency spectrum depends strongly on whether a single 
bunch or a train of bunches are being used. 

In the case of a 400 MeV 0.1 nsec bunches (O"t=0.16 nsec), the single and 
multi bunch spectra are shown below. 
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In the case of a train of bunches (lower plot), all of the spectral energy is 
concentrated into very narrow bands around ham1onics of the bunch 
repetition frequency. 
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When discussing the development of beam detectors, it is important to 
understand how the charge profile is measured electromagnetically. 

Detector g- 'tk Vacuum Chamber Wall 
-lb ---....-~ Image Current 

In general, the response of a beam detector can be analyzed using the 
equivalent circuit 

Zciet vdet 

The voltage developed in the detector is proportional to the longitudinal 
charge density (i.e. current) with a spectrum which may look like th~ one 
below .. 

Z(co) 

V(ro) 

(l) 

Some of the detector types which may be studied are beam position monitors 
(BPMs), current monitors (Torroids, resistive wall monitors), etc ... 
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In the Fermilab Accumulator and a variety of light sources, ion formation, 
trapping, and beam-ion interaction dynamics are significant problems. In the 
Accumulator, Pat Colestock, Ping Zhou, and others have tried to perform 
measurements of the ion distribution. In light sources, gaps in the bunch 
<;Iistribution around the ring are used to defocus and eliminate the ions. 

The 400 MeV H- beam may be a perfect laboratory for measuring the 
transient response of ion formation and defocusing. 

j Variable Gas Injector 

t 9 t I I I t 9 tw 
0 Ion Diagnostics 0 

The spatial and momentum distribution of the ions can be measured as a 
function of gas type, gas density, and time within the pulse without 
compromising operation time on accelerators dedicated to their physics 
program. 
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There are a large number of types of intercepting beam detectors which are 
used in various beam transfer lines to measure the intensity, position, and 
size of the beam. Some of these detector types would be of tremendous 
value for measuring and tuning beam quality into and out of the Main 
Injector. 

Having a readily accessible beamline for tests of these detectors would be 
tremendously useful. 

'-.Phosphor 
' Screen 

Quartz __ _ 

Window 
CCDCamera 

For instance, as shown in the above figure, phosphor type screens coupled 
with CCD cameras are now becoming quite popular again. The chemical 
coatings are now very advanced, with very high sensitivity and very high 
saturation characteristics. CCD cameras coupled with framegrabbers, video 
switchers, and laser spot analysis software provide cheap but powerful beam 
position and pOrofile information w~th very high fidelity. 
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The measurement of kicker waveforms is devilishly difficult. It would be 
very useful if one had a beam to act as a probe of the kicker waveform as a 
function of time. All that would be needed 90° of betatron phase 
downstream of the kicker is a fast beam position monitor. 

Kicker 
Magnet 

Beam 
Position Monitor 

As shown in the figure above, the 400 Me V beam would be a sensitive 
monitor for kicker ripple. One could fire the main pulse before the beam 
arrived and then look at the remnant ripple with the beam after the pulse. 

There is a great deal of interest in the invention of advanced methods of 
beam acceleration. In most cases beams with some initial kinetic energy are 
required. Even though most of these methods have been aimed at electron 
beams, proton beams are sometimes the more obvious particle to work with. 
For example, crystal acceleration where a crystal lattice is resonantly excited 
will only accelerate protons. 

Spectrometer 

400 Me V -vJJJ..AJ 
Beam Structure 

Under Test 
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A 400 Me V Ion Beam Research Facility at 
Fermilab 

M.B. Popovic, T .L. Owens and T. Bynum 

22 February, 1994 

1 Introduction 

With completion of the Linac Upgrade, a rare opportunity exists to create a 
research facility which uses a portion of the high-energy ion beam produced 
by the new linac. A number of people have recently expressed an interest in 
a project of this type. The intent of this paper is to present a few of our own 
thoughts on the subject and stimulate more widespread discussion among 
diverse groups at Fermilab and elsewhere. 

We propose a baseline facility that would divert only the portion of the 
ion beam which is normally sent to the straight-ahead beam dump during 
routine operations. The baseline program would not perturb the high-quality 
part of the pulse train that is gated out of the total Linac beam pulse and 
transferred to the Booster. The full ion beam pulse fron Linac could also be 
diverted to the new research facility during Booster and NTF dead times, as 
opportunities allow. 

2 Beam Line 

A convenient place to divert the beam for the new research facility would be 
the Linac enclosure access area at the high-energy end of the Linac enclosure. 
A diagrams of access area, showing its relation to the Linac and existing beam 
lines, are presented in figure 1 and 2. 
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Figure 1. 

Figure 2. 
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The access area has been lined with concrete and is below ground level. 
The concrete lining provides a place to mount hardware and stage experi-
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ments. Because the access area is below ground level, most .of the radiation 
created by the beam can be shielded by the ground. Twelve meters of the 
access area is part of the linac encloser and is already shielded. The space 
above the open part of the access area would have to be shielded and/ or 
a building would have to be erected to house the experimental area. The 
size and design of the experimental building will depend upon the types of 
experiments that will be conducted. 

A relatively simple transfer line could be used to direct the beam to the 
access area. The principal elements of the transfer line would be a pair of 
dipole magnets and a series of the quadruplole and trim magnets arranged 
as shown in Figure 3. 

400 MeV Experimental Area 
END OF LINAC ENCLOSU~ 

I 
I 

~--· . 

Figure 3. 
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The dipole magnets would be indentical to the spectrometer magnet that 
has already been fabricated for the Linac Upgrade. No engineering cost 
would be incurred for dipole magnets. Fabrication cost of the Linac Upgrade 
spectrometer was approximatly $60,000. The cost of the quadrupoles would 
be approximatly $11,000, if new quadrupoles are used. This estimate is based 
upon the cost of similar quadrupoles built for Upgrade. There are numerous 
spare quadrupoles that could also be used for this line, instead of purchasing 
new quadrupoles. 

Initial engineering layouts indicate that the first downstream dipole mag­
net can bend the beam up to 42.5 degrees and the second dipole can bend 
the beam 37.5 degrees to impart the proper angular trajectory to direct the 
beam down the access hall. The spectrometer magnet was designed to bend 
a 400 Me V beam by 40 degrees and the design beam trajectory coincides 
with the curved axis ot the dipole. For the bending angles required to divert 
the beam into the access hall, the beam trajectories, in this extreme case, 
will have slightly different curvatures, but the trajectories will remain well 
inside the bore of the magnets. 

A beam dump must be located outside of the experimental area of the 
access hall. It should be possible to locate it at the end of the access area 
where it can be left permanently without obstructing access to the linac 
enclosure. It is important that the dump be located in a place where· it does 
not need to be moved because of the hazards of handling the dump as it 
becomes activated. 

3 Conclusion 

In summary, we believe that it will be possible. to divert the linac beam to 
an experimental area in the linac enclosure access hall inexpensively, using 
transfer line components that have already been designed. The transfer line 
can be build downstream of the chopper. In this position, the unchopped 
portion of the beam can be diverted to an experimental area without disturb­
ing the beam going to the booster. The impact on operations and demands 
upon the linac are minimal. In addition, in a position past the chopper, 
DC magnets can be used, which do not require complex pulse, timing, and 
control circuits. By diverting the beam to the access area, ample space is 
avaible for an experimental building. 
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ABSTRACT 

Non-invasive laser diagnostics are capable of measuring p absolutely and 8p/p 
of high-energy H- ion beams. A Q-switched Nd:YAG laser, operating at 0.266 µm, 
can excite narrow auto-ionizing resonances in the H- ion. The measured width of the 
resonances is sensitive t<;> 8p/p of the ion beam. Doppler tuning of the laser photon 
energy, by angle tuning, allows the absolute beam energy to be measured. The 
principle of these diagnostics was tested at LAMPF during a series of atomic physics 
experiments. It was foundl that the absolute energy of the H- beam could be 
measured to an accuracy of 10-4 and the momentum spread to an accuracy of 10-5. 
The diagnostic was sensitive to dephasing of a single Rf module on the LAMPF linac. 
The applicability of this type of diagnostic for H- beams of different phase space and 
energy than LAMPF will be presented. 

INTRODUCTION 

The negative hydrogen ion consists of a "core" hydrogen atom, which 
becomes polarized in the presence of a second electron, allowing that electron to be 
bound. This outer electron is bound only by 0.7542 eV, and there are no excited 
states below the continuum (i.e. there are no states with just one electron excited, 
known as singly-excited states2). The H- photodetachment spectrum does however 
have structure at higher photon energies due to doubly-excited states. These doubly­
excited states, also known as resonances3, are all auto-detaching, with the exception 
of a predicted 3pe state, investigated by Drake4. The excitation energies of these 
doubly excited states lie between 10.2 eV and 14.35 eV above the ground state. Only 
lpo states are accessible by single-photon absorption from the Ise H- ground state. 
Two very prominent resonances have been observed in the H- photodetachment 
spectrum just below 11 eV. The lower energy resonance, at 10.9264 eV, can be 
thought of as a bound state formed by the attachment of an electron to the first excited 
state of hydrogen. It is known as a Feshbach 5 resonance. Its has a narrow width 
predicted to be only 30 µeV wide6. The higher energy state, known as the "shape 
resonance", lies at 10.9724 eV in energy7 Gust above the H0(n=2) threshold) and is 
much stronger and wider (21.2 ± 1.1 me V) 7 than the Feshbach resonance below it. 

*Work supported by the U.S. Dept. of Energy, and the Div. of Chemical Sciences, 
Office of Basic Energy Sciences, Office of Energy Research. 
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Numerous experimental measurements 7 have been made on the H­
photodetachment spectrum at the Los Alamos Meson Physics Facility (LAMPF). At 
the High Resolution Atomic Beam Facility (HlRAB), located at LAMPP, laser beams 
are intersected with a H-beam whose energy ranges from 100 MeV to 800 MeV. The 
relativistic Doppler shift is used to angle tune the laser photon energy in the 
laboratory frame into the H- rest frame. Information on the H- beam momentum and 
momentum spread can be found by measuring the location and width of H­
resonances. 

RELATIVISTIC DOPPLER SHIFT 

The laser photon energy, as seen in the H- rest frame, is a function Qf the laser 
photon energy in the laboratory frame, EL, and the relative velocity, v = c/3, between 
the two frames8 

E'(EL,J3, e) = ELr(I-f3cos0). 

This relation can also be written in terms of the beam momentum as 

E'( Ei,IPI. e) = EL { ~ p2c2 + Eo 2 
- pc cos(}}' 

Eo 

(1) 

(2) 

where Eo is the H- rest mass enei:gy (939.294 MeV/c2) and the intersection angle, 0, 
between the photon wavevector, k , and the ion beam is defined as 

f • ~ = k/3 cos e. (3) 

The doubly-excited resonances in the H- ion appear in the vacuum-ultraviolet 
and cannot be excited by available lasers. The Doppler shift method allows 
ultraviolet lasers to be blue-shifted up to the vacuum-ultraviolet. By merely changing 
the intersection angle one can tune the laser photon energy seen in the ion's frame. 
The angle at which the Feshbach resonance will be found at different beam energies 
and laser wavelengths is shown in Figure 1. 

The uncertainty in the variables EL, p, or 8 determines the resolution of the 
Doppler technique. Therms energy resolution can be found by expanding Eq. 2 in a 
Taylor series, to first order, about the central value of each of the three variables 
(neglecting any correlated errors between angle and momentum) 

This relation is nothing more than the experimental resolution using the Doppler shift 
method. In the LAMPP experiments the resolution is typically 7 me V for a 800 Me V 
H- beam ( op/p = 5.0 x 10-4 and 80 = 0.5 mrad). The resolution function is shown in 
Figure 2. 
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Figure 1. The angle of intersection needed to blue-shift fixed frequency lasers for 
excitation of the· H- Feshbach resonance (10.9264 eV). As the beam energy gets 
smaller, shorter wavelength lasers are needed to excite the doubly-excited resonances 
in the H- ion. 
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Figure 2. Resolution function for the Doppler shifted photon energy at 800 
MeV. The above figure assumes a Nd:YAG 4th harmonic (A.=0.266 µm) laser beam 
with oA.=0.1 cm-1 and a divergence of o8=0.5 mrad. The H- beam momentum spread 
was Op/p=0.05%. The Feshbach resonance is found at a angle of 108 degrees. 

EXPERIMENT AL APPARATUS 
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The photodetachment of a doubly-excited state in H- can be represented as 

(5) 

Experimentally the photon energy is scanned, by changing the intersection angle, and 
the photodetached electron signal is recorded as a function of intersection angle. The 
signature of a photodetachment event is the detection of the free electron (in 
coincidence with the laser pulse) in a electron spectrometer. A schematic of the 
typical experimental setup is shown in Figure 3. 

x 

H- beam 

y 

optical turntable 

\ 
/ shaft encoder 

e 

laser beam 

laser beam 

electron 
spectrometer 

Figure 3. Schematic of the photodetachment apparatus used in the LAMPP 
experiments. The laser beam is directed onto the ion beam by a mirror system and the 
relative angle between the laser beam and ion beam is measured by a shaft encoder. 
The photodetached electrons are collected by the electron spectrometer and directed 
into a scintillation counter. 

A Q-switched Nd:YAG laser operating at 0.266 µm is used to excite the 
doubly excited resonances. The laser has a repetition rate of 10 Hz and delivers of 
train of 5 ns (FWHM) laser pulses. Typical pulse energies are 50 mJ. At LAMPP the 
beam structure consists of 250 ps long micropulses separated by 5 ns and gated into 
macropulses varying from 100 ns to 750 µs long. The firing of the laser flashlamps is 
delayed relative to a precursor signal for the macropulse. The laser Q-switch trigger 
is delayed relative to the lamp firing and synchronized with a micropulse signal, 
which can be derived from any beam pick-off device, such as a beam position 
monitor. The electron signal is averaged over many laser shots to account for time 
jitter. The typical time jitter of the laser pulse is 0.10 ns rms. 

The electron spectrometer9 bends the photodetached electrons out of the beam 
and into a scintillation detector. The spectrometer is a sector magnet with a trajectory 
curvature of 20 cm and a path length of 34 cm through a field of 135 gauss. 
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The intersection angle between the laser beam and the ion beam is measured 
using a 14 bit shaft encoder. The encoder is coupled to a turntable-mirror system that 
delivers the laser beam onto the ion beam. A schematic view of the turntable is 
shown in Figure 4. 

vacuum chamber 

laser beam 

ion beam shaft encoder 

Figure 4. Laser interaction chamber. The H- beam is coming out of the page in this 
picture. The laser beam enters through a vacuum window (AR coated) and is then 
folded by a three 45 degree mirrors. The turntable rotates about the laser beam axis. 

For good statistics the intersection angle is held fixed for a certain integrated 
beam current, from a Faraday cup, and then stepped with a stepper motor to the next 
angle. Usually 100 laser shots are taken per angle. 

MEASUREMENT OF THE CENTRAL BEAM MOMENTUM 

Using a known laser wavelength to excite a known H- resonance, one can find 
the beam momentum by measuring the Doppler angle where the resonance takes 
place. In this case there are two unknowns in Eq. 2; the "encoder zero" and the beam 
momentum. The encoder zero, No, is the encoder reading when the laser beam is 
parallel to the ion beam. It is needed to give an absolute angle measurement. The 
intersection angle, 8, is given by 

8= N-No 
K ' 

(6) 

where K is the number of encoder counts per degree. For the 14 bit encoder K = 45.5 
counts per degree (0.38 mrad per count). 

To determine the two parameters, No and p, at least two measurements must 
be made. Many differ~nt methods are available· to complete these measurements. 
Usually the Feshbach resonance is measured on both sides of the ion beam; Eq. 2 is 
then fit to the two data points to determine No and p . This method requires that the 
mirror system pass through the ion beam. Another less invasive method is to use two 
different laser wavelengths from the Nd:YAG laser (0.355 µm and 0.266 µm) and 
measure the resonance angle for each wavelength staying on one side of the ion beam 
only. This method requires optics specially coated for two wavelengths. 
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Measuring the position of more than one spectroscopic feature, such as the · 
shape and Feshbach resonances, without letting the mirror system cross the ion beam, 
is another method that can be used for determining the two unknown parameters. 

If a thin foil can be temporally inserted into the beam, then things are much 
easier. The foil interaction will populate many different hydrogenic states. The laser 
can then be used to promote hydrogenic transitions to states above HO(n=l l), where 
there are easily field ionized in the electron spectrometer. This allows many angles to 
be measured f qr a better curve fit for No and p. This method has been used at 
LAMPF where the beam energy was measured to be 797.26 ± 0.12 MeVlO (~ = 
0.84109 ± 0.00012). 

:MEASUREMENT OF THE BEAM MO:MENTUM SPREAD 

Since the Feshbach resonance has a narrow spectral width, the measured width 
will be the experimental resolution and therefore the momentum spread.. The 
dependence of the experimental resolution on op/p is seen in Figure 2. 

The H- photodetachment spectrum has been measured at 800 Me V and 
parameterized 11. The parameterization of the shape and Feshbach resonances, at 
different momentum spreads, is shown in Figures 5a-5b for an 800 Me V H- beam and 
a 400 MeV H- beam. 

As can be seen from Figure 5 the momentum spread of the beam can be 
monitored by measuring the width of a resonance using the Doppler shift technique. 
Note that if the momentum spread is too large the Feshbach resonance will be washed 
otlt. At this point the width of the shape resonance starts to broaden with increased 
momentum spread and can then be used to monitor the momentum spread of the 
beam. 

The LAMPF group has used the Feshbach resonance to monitor changes in 
the momentum spread resulting from detuning of a single Rf module on the 
LINACll. 
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Figure 5. The H- photodetachment spectrum at (a) 800 MeV and (b) at 400 MeV. 
Note that the Feshbach resonance is spread out into the continuum for 8p/p>O.l %. 

The shape resonanc~ is sensitive to momentum spread for 8p/p>O.l %. 
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A similar method of monitoring the Feshbach resonance as a momentum 
spread diagnostic has been presented by Holtkamp and Quick12. They proposed 
sending a tunable laser beam onto the H- beam in a head on fashion (8=180 °) and 
detecting HO atoms resulting from the decay of the Feshbach resonance. Working at 
8=180° is advantageous since the linewidth of the Feshbach resonance is most 
sensitive to 8p/p at this angle. However, this technique requires special beam line 
geometry, is extremely sensitive to any movement of the beam, and may have a high 
HO background due to gas stripping. The method also requires tuning, and measuring, 
the laser wavelength continuously. 

CONCLUSION 

We have discussed the use of the H- photodetachment spectrum for a beam 
momentum diagnostic. The range of applicability of this technique has been 
discussed along with some of the expected problems in determining the absolute 
intersection angle. 

The H- spectroscopy experiments at LAMPF have shown that the Doppler 
tuning method is capable of measuring the momentum and momentum spread of a 
800 MeV H- beam (see Figure 6). 

This method looks hopeful for developing diagnostics for other H­
accelerators. The Feshbach resonance is washed out for beams with op/p > 0.10 % 
and would not be a useful measure for beams with this momentum spread. For beams 
of this momentum spread the width of the shape resonance could be monitored as a 
momentum diagnostic. 

Development is being carried out at Los Alamos National Laboratory to try 
and improve these techniques so that an automated diagnostic system can be realized. 
The problem of having to measure spectroscopic features on both sides of the ion 
beam, to find the angle between the ion beam and laser beam, is being studied and 
several designs now exist that need testing. · 
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Introduction 

Health Physics Applications 
for a 400 MeV Proton Beamline 

David Boehnlein 
October 26, 1993 

The field of accelerator health physics is one in which a great deal of research 
remains to be done. The radiation fields which are present at accelerator 
facilities differ greatly in their nature and their energies from those of 
nuclear facilities, where most of the health physics work is done. Research in 
a variety of areas, from dosimetry to development of instrumentation, is 
typically performed using radiation from encapsulated radioactive materials 
or from nuclear reactors. The results found in such radiation fields do not 
necessarily reflect those that would be found in the fields produced by an 
accelerator used for research in high energy physics. 

The Radiation Physics Group at Fermilab, as at most other high energy physics 
facilities, is primarily a support group. Their foremost task is to ensure 
radiological safety for the workers at the facility and for the public. A 
thorough understanding of accelerator health physics is often taken for 
granted by other experimenters. Therefore, when the health physicists talk 
of using an experimental resource such as the proposed 400 MeV beamline, 
some might wonder if they are not a bit like a dog chasing a car: After all, 
what would he do with the thing if he actually got it? This talk is intended to 
address that question. It will encompass work in several areas which describes 
the lines along which future research may be done. 

The potential applications of a proton beamline to health physics research 
include work in dosimetry, materials activation, shielding studies, software 
benchmarking and development of instrumentation. 

Dosimetry Applications 
Hi2h Ener2y Neutron Dosimetry This is the area of dosimetry in which 
further work is needed most. It might surprise many high energy physicists, 
who are used to dealing with energies of hundreds of GeV, to learn that in the 
context of neutron dosimetry, 20 MeV is "high energy." The radiation sources 
which are used in the development and testing of dosimetric devices do not 
produce energies much higher than this. Indeed, the Department Of Energy 
Laboratory Accreditation Program (DOELAP) only specifies performance 
criteria in the energy range from 1 keV to 2 MeV, using spectra from 
moderated and unmoderated 252Cf, even though many DOE facilities produce 
neutrons of substantially higher energies. 

A · set of studies have been performed at Fermilabl using a standard 
multisphere ("Bonner sphere") technique2 which illustrates this problem 
with measured accelerator neutron spectra. Polyethelene spheres of seven 
different sizes were used to moderate neutrons in radiation fields at various 
locations around Fermilab. The neutron spectra were studied by placing a 
detector at the center of each sphere as well as using a bare detector to 
measure the unmoderated neutron field. The detectors used were either a 
Lil(Eu) "phoswich" scintillator, using a fast pulse to distinguish m.µons from 

-156-



neutrons, or a LlF thermoluminescent dosimeter (TLD). Both of these are 
sensitive to thermal neutrons which are detected through a capture reaction. 
By varying the size of the moderator, a different portion of the energy 
spectrum is observed with each successive sphere. Measurements were made 
at 14 sites outside of shielding at Fermilab. Although the neutron spectrum 
may vary considerably from one place to another at Fermilab, the overall 
results are shown in Table 1. 

Table 1. Neutrons at Fermilab 

Neutron Enerav % of Fluence % of Dose Eauivalent 
< 0.1 MeV 77 23 
> 0.1 MeV 23 77 
> 2 MeV 13 so 

Table 1 shows that ~though neutrons of energy greater than 2 MeV comprise 
only 13% of the neutron fluence, they are responsible for 50% of the dose 
equivalent due to neutrons because of the higher quality factor of high 
energy neutrons. Clearly, the need for accurate high energy neutron 
dosinietry exists. 

In November of 1992, the U. S. Department of Energy sponsored a workshop in 
Gaithersburg, MD to address the problems in the current state of high energy 
neutron dosimetry. The above results and others were presented there. Some 
of the conclusions reached at the workshop included:3 

• Neutron dosimetry at energies above 2 MeV are imprecise and 
inaccurate. Since the uncertainty in measurements is often on the 
order of 300%, neutron dosimeters are little more than neutron 
indicators in high energy neutron fields. · 

• Better dosimeters and area monitors are needed, especially at high 
energy research facilities. 

• The response of dosimeters as a function of energy is poorly known. 

• There are no calibration standards for high energy neutron 
detectors. · 

• There is no serious research and development effort underway at this 
time to improve the state of high energy neutron dosimetry. 

One of the recommendations to come out of this workshop was for a committed 
and available neutron source for the near- and long-term improvement of 
high energy neutron dosimetry. The WNR facility at Los Alamos was suggested 
as a candidate for such a source, however, the prospects for a committed 
neutron source at WNR or elsewhere look bleak as of this writing due to severe 
funding problems. Although a 400 MeV beamline at Fermilab could not be 
committed solely to dosimetric research, it could be used· to at least partially 
address some of the concerns cited above. 
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Muon Dosimetrv 
A muon source with energies of 100-300 MeV is also under consideration. 
Should such a source become available, there are potential health physics 
applications for it as well. 

Some studies in muon dosimetry have been conducted at CERN. Calculations of 
dose and dose equivalent due to muons of energies up to 1000 GeV have been 
compiled by Stevenson. 4 These studies indicated that the rate of energy loss of 
muons of energy < 1 GeV changes considerably as the muons pass through 
tissue. This is due to a "ranging out" effect at low energies. A study of the 
variability of the energy loss (dose) in phantoms would be interesting from 
the standpoint of health physics. Furthermore, according to Stevenson, 
"although the energy deposition along the track of a muon can be calculated 
with some certainty, its conversion into dose equivalent depends on a number 
of philosophical considerations." Such considerations seem to merit further 
study as well. 

In addition to calculations, some dosimeter intercomparisons were performed 
at CERN. 5 A variety of detectors and muon telescopes were placed in protected 
areas where high energy muons were virtually the only source of radiation. 
The dosimeter readings were compared to each other and to calculated values. 
Similar studies could be performed with a low energy muon source such as the 
one under consideration. 

The response of personal dosimeters to a mixed field of neutrons and muons 
has been studied at Fermilab. 6 The neutron spectrum was measured using the 
Bonner Sphere technique described in the previous section. A recombination 
chamber was used to measure the overall quality factor of the field, but a 
quality factor of 1 was assumed for the muons based on ref. 4. The results of 
the field characterization are shown in Table 2. 

Table 2. Results of muon and neutron measurements using plastic scintillators and 
multisphere technique normalized to 1012 protons on target. Data are taken from ref. 6. 

Particle Tvce Neutrons - Muons 
Fluence (m-2x1 Q7) 9.12±0.38 5.6_2 

% Fluence 62 38 
Absorbed Dose (mGv) 0.19 + 0.06 2.25 

% Absorbed Dose 8±3 92 
Dose Eauivalent (mSv) 1.16±0.31 2.25 

% Dose Eauivalent 34+ 26 66 
Qualitv Factor 6.24 ± 0.18 1 

Roughly 2/3 of the dose equivalent in the fields studied were due to muons. 
The personal dosimeters used in this study were film badges and pocket ion 
chambers. Film is no longer used for dosimetry at Fermilab. Given the clear 
need for muon dosimetry at Fermilab, it would be of interest to conduct studies 
involving TLDs, bubble dosimeters and electronic dosimeters as well. 
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Dosimetzy Intercomparisons 
Radiation dosimetry intercomparison studies are an important method for 
determining the state of the art. They provide indications of how various 
types of dosimetry perform under defined conditions. Regular 
intercomparison studies have been conducted at Oak Ridge National laboratory 
for a J;lumber of years.7 Personnel Dosimetry Intercomparison Studies (PDIS) 
1-12 were performed using the Health Physics Research Reactor at Oak Ridge. 
These studies, however, would not necessarily indicate how personnel 
dosimeters might respond in the radiation environments at an accelerator. 
Accelerators of energies up to 15 MeV were used for PDIS 13-16. The doses 
administered in the accelerator studies ranged from 0.6 to 10 mSv. The 
conclusion reached in ref. 7 on the basis of these studies is that, under ideal 
conditions, 51 % of the measurements of neutron dose equivalent from 
accelerators were within 50% of the reference value. This is compared with 
60% of measurements within 50% of the reference for the HPRR studies. These 
results make clear one reason why there is no DOEIAP requirement for high 
energy neutron dosimetry: There are no dosimeters currently in service 
which could consistently meet such a requirement. 

Fermilab is currently taking part in another intercomparison study which is 
being conducted at Battelle Pacific Northwest laboratory. Dosimeters were 
irradiated with neutrons produced from protons incident on a Be target at 28 
and 50 MeV. The final results of this study are not available as of this writing. 
No studies at higher energies are contemplated at this time. 

Beam-On Exposure 
The worst-case accident at an accelerator facility such as Fermilab is the direct 
exposure of personnel to the beam or beam spray. However, estimates of the 
dose involved in such an incident are based largely on guesswork. An 
experiment of interest would be to study the dose deposition in a phantom. The 
phantom could be layered and TLDs or activation foils could be implanted 
within it. An available beamline would make it possible to study the dose 
dependence on the radiation field composition, energy and geometry. An 
experiment of related interest would be to study the activation of tissue­
equivalent material. Current procedures for dose assessment following a 
beam-on exposure call for the measurement of radioactivity induced in the 
exposed individual. The accuracy of this process might be improved with such 
data. 

Materials Activation 
When the particle beams at Fermilab interact with matter, they induce 
radioactivity in it. Most of the dose accumulated at Fermilab is due to 
employees working with or around activated materials. Radioactivation of 
matter provides a potential pathway for radioactivity to enter the 
environment. Furthermore, if radioactive material is to be disposed of as 
waste, state and federal regulations require that it be characterized as to its 
content of radionuclides. Studies of material activation are thus of interest 
from the standpoint of radiation safety, environmental regulation and waste 
disposal. 
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Isotopic Content 
Some studies have been conducted at Fermilab to examine the isotopic content 
of a variety of activated materials. s· In these studies, activated items were 
collected from a temporary storage area on site. Their y-ray spectrum was 
then analyzed using a high purity germanium detector and multi-channel· 
analyzer. These studies gave a rough indication of the types and relative 
amounts of radionuclides to be found in a random sampling of materials 
activated by particle beams at Fermilab. However, these studies were not 
comprehensive and not well-controlled, since the history of the activated 
items was not entirely known. Since many activated materials contain several 
radioisotopes with various half-lives, the relative abundance of the isotopes is 
a function of the time elapsed since irradiation. A comprehensive study of the 
relative abundance of accelerator-induced isotopes should include measured 
doses of radiation at a known energy for a known irradiation time. The time 
between irradiation and characterization should also be known. An available 
beamline would make such studies possible. 

The data from such studies would be useful in characterizing low level 
radioactive waste. Current methods of characterization involve considerable 
approximation. 9 

Environmental Studies 
Two sources of environmental concern at a high energy accelerator are the 
activation of soil and the activation of ground water. Soil and water samples 
could be exposed to measured doses under well-controlled conditions and the 
subsequent activity measured. This would remove much of the uncertainty 
from estimations of soil and water activation and provide confirmatory 
measurements for calculations. 

Radiation Damage Studies 
Studies of radiation damage to materials and equipment could also be conducted 
with an available beamline. The effect of radiation on materials, such as 
scintillators, could be measured as a function of dose. Studies are currently 
carried out by the CDF experiment at Fermilab to determine the degradation of 
its silicon vertex detector due to radiation damage. The dose is measured using 
TLDs. It is highly unlikely that a major experiment like CDF would invest the 
time and take the risks necessary to develop a complete understanding of the 
radiation damage mechanisms and correlation with absorbed dose. The ability 
to perform such studies under conditions with better experimental controls 
could enhance the choice of materials for detectors for high energy physics 
experiments. 

Shielding Studies 
Another area of health physics which could be studied is shielding. Shielding 
assessments at Fermilab are conducted by computer modelling combined with 
the measurement of dose rates outside of existing shielding. Controlled studies 
of shielding effectiveness for a well-determined radiation field are rare. 
Experiments could be devised to expose shields of various types to such fields. 
Dose rates could be measured in front of and behind the shield to determine 
the effectiveness of different materials or geometries. 
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A diagram of a conceptual setup to measure the shape of radiation cone from a 
beam incident on a shield is shown in Figure 2. A shield is subdivided into 
slabs which can be interspersed with detectors to measure dose rates at points 
within the shield. Alternatively, slabs could be analyzed for induced 
radioactivity as an indication of "star density." This term, carried over from 
Monte Carlo simulations, indicates the number of nuclear interactions per unit 
volume. 

Software Benchmarking 
Radiation shielding is typically designed using Monte Carlo computer 
programs, such as CASIM, FLUKA, or HETC. Such programs are generally used 
to simulate high energy particles and have a low energy cutoff around 5 O 
MeV. 

Some of these codes have been modified to follow particles to thermal energies 
through the inclusion of cross section libraries. FLUKA, for example, has been 
so modified, 1 O and the LAHET program has been developed at Los Alamos. The 
benchmarking stuoy for LAHETll is a good example of the type of work that 
could be done. Such work would be especially important in incorporating 
improved production models into these programs, since it would be crucial to 
compare the predictions of such models with controlled experiments. 

Instrumentation 
Radiation detection instruments in common use at high energy accelerators, 
for example the Chipmunk ion chambers used at Brookhaven and Fermilab, 
are not calibrated in high energy radiation fields. Calibration is performed 
with radioactive sources such as Am.Be or PuBe. Consequently, the response of 
these instruments is not well known for neutron energies above a few MeV. 
Measurements of the neutron response of the Chipmunks have been 
performed by Krueger.l Z .. Figure 3, taken from Krueger, shows neutron 
response curves of the Chipmunk as a function of average neutron energy. In 
each of the three curves shown, the y response has been subtracted using the 
method indicated. The -y-ray detectors used were an Al-Ar ion chamber and a 
Geiger-Muller counter. The GM counter was used both with and without a Pb 
shield over the sources. The responses are normalized to that from 60co. The 
main point to be taken from this figure here is that the measurements do not 
extend to average energies above a few MeV. Since these instruments are used 
in areas where neutron energies are likely to be considerably higher, it would 
be of interest to have measurements of their response at higher energies. 

Conclusion 
This paper has attempted to cover a very broad range of possible projects 
which could be carried out if a beamline, such as the proposed 400 MeV proton 
beamline at Fermilab, were available for health physics studies. Areas for 
study include dosimetry, activation of materials for waste characterization and 
environmental studies, studies for shielding design and benchmarking of 
shielding software, and instrument response studies. This list is not 
comprehensive, but is simply intended to provide examples of areas of 
accelerator health physics where further research is needed. Brief 
summaries of some previous work in each of these areas has been presented to 
illustrate the extent and limitations of present knowledge and to provide a 
foundation for future work. The author is indebted to Don Cossairt, Vernon 
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Cupps, Alex Elwyn, Kathy Graden, Fred Krueger and Kamran Vaziri for their 
suggestions and helpful discussions in the preparation of this paper. 
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Health Physics Applications 
for a 400 MeV Proton Beamline 

Figure 1. Health Physics personnel seeking experimental resources. 

Health Physics Applications 
for a 400 Me V Proton Beam line 
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Figure 2. Schematic diagram of hypothetical shielding experiment. 
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ATOMIC PHYSICS AT FERMILAB 
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ABSTRACT 
In its own way, a high quality, intense, beam of H- ions with energies of 400 Me V is 

just as unique in the physical world as is the beam of ultra high energy protons being produce<,i 
in a big ring. Both beams allow us to make observations at the frontiers; in the linac case, the 
unique probes available would allow us to open a new window on the one- and tw~lectron atom. 
Moreover, the use of laser detachment techniques could have useful applications to accelerator 
physics. 

1. Introduction 

The advent of the SSC machine was widely expected to give a strong impetus to 
high energy particle physics in the U.S. What may not, however, have been recognized 
is that the H- linac injector at the new facility would have also meant a major advance for 
an emerging branch of atomic physics involving the study of atoms and ions moving at near 
luminal velocities: relativistic atomic physics. With the cancellation of the SSC and the 
looming demise of an accessible H- beam at LAMPF, the new linac at Fermilab appears 
to be unique. 

Table I presents the Fermilab linac requirements and parameters. 1 

Table I Fermilab Linac Parameters 

Beam ·Energy 400 MeV 

Peale Current 35 mA 

Pulse Duration :S30 µs 

Pulse Repetition Rate 15 Hz 

Microstructure 200 MHz 

Emittance 71tmmmr normalized 

aptp :S2.5 x 10-4 

1Carol Johnstone, private communication. 
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Since the late seventies, 2 following proof of principle at a 4 Me V Van de Graaff, 3 

work has been going on at the 800 Me V linear accelerator (LAMPF) at Los Alamos using 
laser beams and other probes, such as strong fields and thin foils, to study the structure and 
electromagnetic interactions of the simplest of atomic systems ft> and H-. The basic idea 
is to take advantage of the relativistic kinematics of an atom moving with a large ~ (at 
800 MeV, P = 0.84) to Doppler-shift beams from ordinary pulsed lasers into the vacuum 
ultraviolet, corresponding to excitation energies of the neutral hydrogen atom and its 
negative ion. Enormous electric fields can be induced in the atom's frame using modest 
laboratory magnets. Recently, continuously tunable, intense beams from the C02 laser 
have been used to study for the first time multiphoton processes in the H- ion. 

To give a clearer idea of the power of relativistic kinematics in laser-ion beam 
studies, consider the relativistic Doppler formula, 

E=y~(l+~ cos a). (1) 

Here the center-of-mass photon energy, E, is given in terms of its laboratory energy, EL, 
with cz being the angle between the laser beam and the particle beam, such that for 
head-on collisions cz =O. At 400 MeV, since y = 1.426 and P =. 713, one can continuously 
tune a fixed-frequency laser through the range, 

Furthermore the laser intensity, I, in the center of mass (Watts/cm2) is related to 
the lab intensity, IL, by the square of the Doppler factor. That is, · 

(2) 

so that one can get an intensity gain at cz =0 of nearly 6. 
Finally, the barycentric electric field F produced by a transverse laboratory 

magnetic field B is given, in S.I. units, by 

F = yPc B , (3) 

. 
so that a 1 Tesla lab field can result in a center of mass electric field of 3.1 MV /cm. 

Before the development of relativistic beam techniques, the resonance structure of 
the H- ion in the vacuum ultraviolet was essentially unobserved except for a few 
electron-hydrogen scattering measurements. With the new methods w~ were able to· 
demonstrate a rich structure of doubly-excited resonances in H- and to study their 

2 H.C. Bryant et al., Phys. Rev. Letters 38, 228 (1977). 

3H.C. Bryant, P.A. Lovoi and G.G. Ohlsen, Phys. Rev. Letters, 27, 1628 (1971). 
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behavior in electric and magnetic fields.4 We were also able to do similar studies on the 
low-lying states of H°. Precision checks on the isotropy of space-time are also possible 
by looking for discrepancies in the relativistic Doppler shift and the electromagnetic field 
transformations. 

The work already done at LAMPP may be regarded as prelude to the eventual 
flowering of these endeavors at Permilab. 

2. Diagnostics, Monitoring and Tailoring for the H- Linac at Fermilab 

The use of lasers to probe relativistic atomic beams, developed at LAMPP over the 
past years, can be applied to the diagnosis, monitoring, and tailoring of the H- linac beam 
at Fermilab. The basic idea is to direct a laser beam at the H- beam so that its 
Doppler-shifted frequency is centered on a well-defined feature in the absorption spectrum. 
This feature could be the well-known Peshbach resonance (see Figure 1) in H-, for 
example, at an excitation energy of 10.9264(6) eV, whose intrinsic width is some 30 
microvolts, or it could be a hydrogen resonance line excited by a 2-step process in which 
the H- is first photodetached using a precursor infrared beam and the ground-state H° is 
then excited. Even a three-step process might be contemplated, in which the complication 
of 3 separate laser beams might be exchanged for higher resolution and more convenient 
laboratory wave lengths as well as a higher signal-to-noise ratio. By selective 
photodetachment or excitation, small regions of the overall phase space could be studied. 

The energy resolution in the center of mass of a system moving at ~c in a beam 
whose momentum dispersion is c!>p/p, and where the nns angular uncertainty is o a, is given 
by 

oE = { [ 0F.r.]
2 

+ ( ~sina )2(oa)2 + [ ~2+jkosa]2( op) }~ (4) 
E :Er, 1 +Jkosa 1 +jkosa p 

Let us assume now for example that the laboratory energy resolution of the laser line is· 
negligibly narrow, so that oE1/EL - 0, and that we are exciting the 1 P Feshbach resonance 
at · t0.926 eV just below the threshold for y + H- - H°(2) + e. By using a 
fixed-frequency laser, the observed angular width of the resonance would reflect both the 
angular uncertainty o ex and the momentum spread op/p of the beam. At LAMPF o a can 
be as low as 10 microradians and op/p about 10-4• 

4P.G. Harris, H.C. Bryant, A.H. Mohagheghi, R.A. Reeder, H. Sharifi.an, C.Y. Tang, J.B. Donahue, 
C.R. Quick, D.C. Rislove, W.W. Smith, J.E. Stewart, Phys. Rev. Letters 65, 309-312 (1990). 
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If it were possible to operate near cos a = -P (the "Doppler free" angle), 5 

sensitivity to ap/p would disappeai. 
If it were possible to operate near a = 0, sensitivity to 6cx would disappear. 6 

If we wished to monitor both variables at once we would have to use one of the 
hydrogen lines, by first photodetaching (to either the ground state or an excited state) and 
then exciting the line. Such a technique has been used to observe the narrowing of the 
momentum spread at LAMPF. 7 

In Figure 2 we show as an example the laboratory intersection angle ex required to 
excite the Feshbach resonance below n=2 in H- using garden-variety pulsed lasers. The 
use of pulsed lasers gives a large signal to noise ratio. It is worth pointing out that the 
availability of a tunable laser in the lab with sufficient intensitg would be a great boon for 
this work because it would allow for continuous monitoring. 

Table II presents the center of mass range of photon energies corresponding to three 
readily available pulsed lasers. 

Table II Some Representative C of M Photon Energies 
and Tuning Ranges for 400 MeV H- Beam 

Laser Line 

Quadrupled YAG (4.66 eV) 

Argon Fluoride (6.42 eV) 

Carbon Dioxide (0.117 eV) 

Center of Mass Photon Tuning Range 

1.91 - 11.38 eV 

2.63 - 15.68 eV 

0.48 - 0.286 eV 

In order to permit flexibility in monitoring the linac beam, space should be provided 
to insert laser beams with precision optics so that the angle u may be altered at will with 
high resolution. The resulting electrons could be bent out of the beam at any point into a 
detector with a weak magnetic field. By operating near 90° and focusing the laser beam 
with a cylindrical lens in the transverse direction, one could examine separately small 

5H.C. Bryant, Electronic and Atomic Collision, N. Oda and K. Takayanagi, eds., North Holland Pub. 
Co: 1980, pp. 145-160. 

6n.B. Holtkamp and C.R. Quick, Nuclear Instruments and Methods in Physics Research, A287, 348 
(1990). 

7P.G. Harris et al., Nuclear Instruments and Methods ... A292, 254 (1990). 

8 A UV laser that could operate essentially CW while the H- beam were present, for example, is a 
hollow cathode Cu+ laser which would offer unique possibilities: 1) Several UV lines together very near 
to the 4th YAG line (259.06, 259.90 and 260.03 nm) would allow step-wise tuning. 2) Single mode 
operation with 10-15 MHz FWHM. 3) A long laser pulse that overlaps the beam pulse. 4) The excellent 
beam quality of the CW gas l~r. 
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Fig. 2. Angle of excitation of the Feshbach resonance at 10.926 eV as a function 
of H- kinetic energy for several "garden-variety" laser lines of high intensity. 
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subsets of the larger diameter beam. Also one could monochromatize by photodetaching 
only those ions within a prescribed momentum bite by tuning the shifted laser beam to the 
frequency of the very narrow Feshbach resonance. 

We believe these techniques are quite promising and powerful. There are also 
many variations that could be studied to find the optimum arrangement for a given 
application. 9 Therefore, at this point, it is imPQrtant to design the space around the linear 
accelerator in such a way as to allow laser access to it. Equipment we have developed for 
use at LAMPP could be transferred over to experiments at the linac. 

Further development of appropriate laser systems would also be called for. 

3. Atomic Physics Reseaich 

In addition to the diagnostics and other applications described above, it appears that 
unique basic atomic physics could also be performed at the linac. The availability of beam 
is, of course, the great advantage that the Fermilab linac has over work at LAMPP. In 
fact, the prospects for a beam at LAMPP appear to be close to nil. 

Of course, in the study of something as rich in phenomena as atomic physics, many 
new and unexpected ideas can arise, but we can only plan based on what we already know. 
Therefore we sketch below some of the kinds of physics one could do using the H- beam 
at the Fennilab linac. 

a) High Resolution Spectroscopy of H-

Recently4· 10we have been able to study the highly correlated, doubly-excited 
states in H- by first exciting them through the process 

y + H- - H-** - H°(n) + e, 

with subsequent motional field stripping ofH°(n) in an appropriately-chosen magnetic field. 
A dissertation written on this work won the Louis Rosen prize for the best done at LAMPP 
in 1990.11 The cases for which n = 4,5,6 and 7 were studied. See Figure 3. With 
better signal-to-noise, the levels studied could be pushed up to much higher n's so that the 
systematics could be established. We could achieve a much clearer si§nal by introducing 
a second laser beam, rather than the stripping field, to label the final H state, through, for 

9D.R. Swenson, E.P. MacKerrow, H.C. Bryant, "Non-invasive diagnostics for H- ion beams using 
photodetachment by a focussed laser beam,• 1993 Beam Instrumentaion Workshop, Santa Fe, NM (LA-UR-
93-3600). 

lOP.G. Harris, H.C. Bryant, A.H. Mohagheghi, R.A. Reeder, C.Y. Tang, J.B. Donahue, C.R. Quick, 
Physics Review A 42, 6443-6465, (1990). 

11P.G. Harris, Ph.D. Dissertation, May, 1990, UNM "Observation of High-Lying Resonances in the 
ff Ion; (LA-11843-T). 
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example, its promotion to a higher n state, which could be unambiguously identified in an 
electron spectrometer e.g. 

y + H°(n) ... H°(l2). 

We demonstrated a "proof-of-principle" for this technique12 in a short 
experimental run at LAMPP in August 1990. 13 And we obtained interesting data14 

on the n =2 channel in a run October 3-11, 1990. In the fall of 1993 a run was attempted 
at LAMPP using a specially-constructed magnet with a linear gradient to separate the final 
hydrogen states. Although the technique showed great promise, no new results were 
obtained, largely because of laser difficulties which could not be surmounted in the short 
time available for running. 

By the application of external fields to the interaction region or by multi.photon 
excitation, a thorough picture of the resonance structure of H- could be mapped out. 

b) Multiphoton Studies 

Currently our experimental program includes the study of multiphoton detachment 
of H- using a C02 laser beam. Preliminary results are already available, 15 16 17 

and work is continuing. With the C02 beam, with a lab photon energy of 0.117 eV, at 
400 MeV we should be able to study detachment with photon numbers ranging from 2 to 
15. If excess photon detachment occurs of course the number of photons involved can be 
even higher. 

Because of the fundamental simplicity of the atomic system involved; along with the 
interesting complication of 2 electrons, these measurements merit precision work, for 
which conditions such as laser intensity and focal spot are carefully controlled. 

The strong dependence of multi.photon processes on intensity adds another d 
dimension to the spectroscopy of H-. A complete experimental study should include 

12Collaborators in this effort included E. MacKerrow, M. Halka, A.H. Mohagheghi, C. Y. Tang, C.R. 
Quick, J.B. Donahue, J. Tiee, S. Cohen, H.C. Bryant. 

13M. HaJka et al., Physical Review A 46, 6942 (1992). 

14M. Ha1ka et al., Physical Review A 48, 419 (1993). 

15 C.Y. Tang et al., Phys. Rev. A 39, 6068 (1989). 

16c. Y. Tang et al., International Conference on MultiphotonProcesses (Invited Paper) Paris, September 
24-28 (1990). Published in Multiphoton Processes edited by G. Mainfray and P. Agostini. Service de 
Physique des Atomes et des Surfaces, Centre d'Etudes de Saclay, 91191 Gif-sur-Yvette Cedex. 1990. pp. 
69-78. 

17w.w. Smith et al., J. Opt. Soc. Am. B ~. 11-21 (1991). 
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observations of intensity and polari7.ation dependences as well as measurements of the 
energies and angular distributions of the detached electrons. 

c) Strong-field effects 

Our studies of H- in strong electric fields have yielded surprises18 (increased 
lifetimes in some cases and the atomic analogue of interference fringes)and such work 
should continue. A near-luminal H- ion moving through a modest laboratory magnetic 
field experiences enormous electric fields in its barycentric frame yet is essentially 
undeflected because of its high magnetic rigidity. 

d) Passage through thin foils and channeling 

A recent Ph.D. disserta.tion19 in our group was written on the study of the. 
excitation of H°(n) by the passage of H- through carbon foils ranging in thickness from 
20 µg/cm2 to 300 µg/cm2• In this case the foil delivers an intense perturbation to the H­
ion for times of the order of a femtosecond. Additional data taken in 1993 using a 
technique sensitive to Stark states are currently under analysis. 20 

Further studies are contemplated21 using very thin oriented crystals of Si or 
sapphire (A1203) in which channeling may be expected to occur for intact atomic systems. 
Such work may have practical applications. · 

At Fermilab we would be able to explore the stripping process at 400 Me V. These 
measurements would be the first on our agenda. 

e) Searches for a prefe"ed frame 

Tests of relativity based on the exquisitely well-known energy levels of atomic 
hydrogen can be contemplated for a high quality 400 MeV H- beam. At LAMPF we have 
checked the Doppler22 formula to the 36th power of p. 

18H.c. Bryant et al., Phys. Rev. Letters 58, 2412 (1987). J.D. Stewart et al., Phys. Rev. A 38, 5628 
(1988). P.G. Harris, et al., Phys. Rev. A. !l. 5968-5973 (1990). 

19 A.H. Mobaghegbi, Ph.D. Dissertation, September 1990, UNM, •Interaction of Relativistic H"Ions 
with Thin Foils,• LA. See A.H. Mohagheghi et al., Physical Review A 43, 1345-1365 (1991). 

201. Donahue et al., •Measurement of a<> Excited States Produced by Foil Stripping of 800-Me V H­
lons, • 1993 Particle Accelerator Conference. 

21Karoly Roma, a collaborator from the Hungarian Academy of Sciences, has been investigating the 
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4. Reconstructed Hydrogen Atoms? 

It is perhaps worthwhile pointing out the possibility of the production of very high 
energy hydrogen atoms (and perhaps even H-) by the method of laser stimulated radiative 
recombination of protons. 23 A feasibility study of the production rates in a Ge V test 
beam should be done before further speculation, however. 

6. Conclusion 

If the H- linac at Fermilab were made available for atomic studies, there are many 
fascinating measurements that could be performed. Studies of H- ions traversing thin foils 
have practical implications for accelerator physics as well as considerable intrinsic ip.terest. 
Laser photodetachment measurements could map out accurately doubly excited structures 
in a- , and the response of both H- and if> to strong electromagnetic fields that are 
presently iriaccessible by conventional techniques. In addition, a relativistic Ho beam could 
be used as a unique probe of the isotropy of space-time. 
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Operating Parameters of 
Proposed H-<.H Beams: 

Energy: 
min. 100 MeV 
max. 400 MeV 

Intensity: 
min. few particles/pulse 
max. 1013 pm"ticles/pube 

Pulse length: 
min<! µsec 
max. 30 µsec 

Tr:uisverse emimuice 
( unnonnalized 90% ): 
min.<! rt mm-mrad 
max. 7 rt mm-mrad 

Repetition rate: 
15 Hz 



FERMILAB 400 MEV WORKSHOP: 
CHARGE 

Operating Characteristics 

Energy: 
Particle type: 
Current: 
Pulse Length: 
Repetition Rate: 

400 MeV 
H-
50 mA 
100 µsec 
15 Hz 

Repetition Rate (pbar production): 0.417 Hz 

Charge 

Is there anything useful that can be done with the 35/36 cycles 
that are not required for support of the high energy physics 
program? 

If so, what are they and what sorts of facilities would be required. 

Let your imaginations roam and enjoy your stay. 

-182-
1993 AD Annual Meeting, Page 1 



$ ARMADILLO 

- Accelerator for Radiobiology and Medical Applications 

Developed for ldletime on the Long Linac's Output 



I ...... 
00 
,p.. 
I 

Berkeley, ... "'"·a 
Loma Linda ,w:"·'·'""' 

rt "l;fV ~ 

U~psal~ {; 

- . ~tChlna 
LoUV€lln/~ t ··*'~=~··Moscow 

Clatterbridge ~-\. ~ J><.~;~:Jt:'''''~. 1 . h 
' ' ~ UIC 

~ '"'·,,~.. .,, ..... ,.,".'""«'""·"'"'~::~::'.;;;:~:: M . h . .,,,,,,, .. , .. ,,.,.,,."""""~...... Un IC 

Blobln~0sto~r~~~;: ;~vrt;;rmenia 
cambridge a·~ 

Milan 

1J 
Faure ,,,;:::,,,,.,,, .. 

PROTON MEDICAL FACILITIES OF THE WORLD 
O shared {with physics) facilities 
fl dedicated clinical facilities 

tQ ) 

D operating, fID1 planned,• closed 
Proton Medical Accelerators W. Chu 10/93 





Emittance 

e (m- rad) is invariant (unless the beam is collimated) 

Therapy beam requirements: 
proton beam - z = 20-cm range 

r = 10-cm radius 
multiple scattering - cry= 0~43 cm 

comparable divergence is given by: 

e <>y 1 ocrn 0. 43crn 2 2 1 o-3 d e=r· =r-= =. x m-ra . z 20~ 

Focal legion requirements: 
proton beam - z = 10-cm range 

r = 0.5-cm radius 
multipl·e scattering - cr Y = 0.23 cm 

comparable divergence is given by: 

E = r · 9 = r cry = 0. 5~rn O. 23crn = 1. 2 X 10-4 m - rad 
z 1 ocrn 

Accelerator requirements: 

e = 10-5 m-rad=10 mm-mrad 

Practical limitations: 
Multiple scattering in the beam path and in the target 

angular confusion 
Effective "source-to-target" distance 
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I 
....... 
CX> 
CX> 
I 

Dose-Delivery Control System 

•Failsafe 
•Interruptible I recoverable 

Beam Delivery System 

•Scatterig n 
•Wobbler 

•Raster scanner 

Target Alignment Facility 

•A computer-controllabl precision target alignment table, 
with 5 degrees of freedom in x, y, z, e, and <p 

•Multi-sample translator 



Variations in the use of accelerated beams 

Particle physics experiments Biomedical experiments 

Set-up time Long Short 
(months, sometimes years) (minutes to hours at most) 

Data taking time Extended time between Short time between changing 
changing the accelerated the accelerated beams 

I beams (minutes to hours at most) I-' 
CXl 
\0 
I 

Short but experiments are 
repeated on rigid schedules 
for fractionated irradiations 

Time-sensitive Not time-sensitive Very time-sensitive 
(Always there is next time (Often there is no next time 
and later time.) or later time.) 

Fail-safe Desirable Necessary 



Biomedical Facility 
Requirements 

• Multi-user facility 

• Meets varied experimental requirements 
Large targets, minute targets 
Thick targets, thin targets 
High dose, high dose rate 
Low dose, chronic irradiation 

• Ready when needed 

• Reproducible 
Dosimetry 
Beam quality 
Experimental set ups 

• Reliable 
Failsafe 
Fail soft recover data 
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I ...... 
\0 ...... 
I 

Biomedical User Facility 

Experiment preparation rooms 

Shielded irradiation rooms (multi-room operations) 
Switch beam lines 

energies 
beam-line setups 

Beam delivery· ·systems 
Control beam intensity, spill lengths 
Large fields (scatter, wobbler, and/or scanner) 
Micro-beams 

Data collection systems 
Dosimetry 

Dose distribution measurements 
Beam quality measurements 
Bragg peak localization 

Multi-sample irradiation 
Irradiation control systems 



Duplicating the Biology Irradiation Facilities in Beam 40-
Details and Costs 

Bill Chu 
Research Medicine and Radiation Biophysics Division 
Amy Kronenberg · 
Cell and Molecular Biology Division 

An estimate has been made to equip the existing Beam 40 irradiation enclosure with a biology 
irradiation system by duplicating some of the systems available in Cave 2. The items are grouped 
into the following categories: 

• Control room-The operator must have visual access to all computer functions and 
monitors, and immediate access to the controls of critical devices to terminate·irradiations in 
case of malfunctions. The estimate includes electronics racks and an operator's console. 

• Dosimetry control computer system-Computers, peripheral devices, graphics display 
terminals. Also includes the software implementation and documentation costs. Two 
computers (V AX4000) are proposed here as one will be used for beam delivery operation 
while the other for development This arrangement will provide most flexible and efficient 
operations. 

• Inadiati.on room facilities-Includes laser localizers, x ray units to align animals, x ray film 
developer, automatic sample positioner for multi-sample experiments, overhead hoist, 
CCTV, and intercom system. 

• Dosimetry system-optical rails, dosimetry control electronics, CAMAC and N1M crates 
and patch panels, wire chamber for beam tuning, ionization chambers for dose 
measurements, secondary emission monitor, associated power supplies and electronics, 
and fast beam chop system to terminate the irradiation. Also included is testing equipment 
such as .a standard current source for calibrating recycling integrators, an electrometer for 
calibration verification, an oscilloscope, and a Geiger counter for monitoring items 
removed from radiation area. 

• Beam-modifying devices-Degrader foil system to scatter the beam for broadening of the 
beam profile, and a variable water column to modulate the range of the beam 

Costs for this project are detailed in Table 7, and summarized in Table 2. All work would be 
completed during FY 1992. 
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Biology experimental preparation rooms: 

Basic Requirements for ~pgrade to Cellular and Molecular Biology 
Laboratory Adjacent to Biomed Cave II Beamline Area 

A general remodelling of the existing cell culture laboratory is required in order to provide a 
complete multi-user facility in which mammalian and human cells may be maintained under sterile 
culture conditions for prolonged periods of time under controlled atmospheric environments. In 
order. to cany out combined exposures to hazardous chemicals (i.e., suspected carcinogens or 
radioprotective agents which may be toxic in larger quantities), there are certain upgrades that are 
required to meet current safety guidelines. Much of the present equipment in the cell culture 
laboratory is more than 15 years old and should be replaced. The following list of equipment are 
suggested as replacements and required improvements for the existing cell culture laboratory. 

• Conventional Facilities-Remove existing walls sub-dividing room, construct a double­
door to outside, alter existing heating/ventilating system. 

• Biology Equipment-Provide cell counter, incubators, cell-freezer and dewars, waterbath, 
centrifuges, balances, pH meter, flammable-storage refrigerator, UV lighting fixtures.and 
interlocks, and two laminar flow hoods, one for hazardous materials. 

Costs for upgrading the existing laboratory adjacent to Biomed Cave II are detailed in Table 8 and 
summarized in Table 2. All work would be completed during FY 1992. 

Basic Requirements for a New Cellular and Molecular Biology Laboratory 
and Animal Care Facility Adjacent to Beam 40 Area 

To perform biology experiments, experimental preparation facilities must be· located in the 
immediate vicinity of this irradiation room. Constructing a cell preparation room equipped with cell 
hand.ling equipment, and a animal holding room which has two segregated areas to hold two 
different experiments are proposed. 

It is proposed to build a new "Butler building," shown in Figure 8, which includes the animal 
holding room, the cell and molecular biology laboratory, and the Biomed Beam 40 control room. 
The following would be required to provide such a facility. 

• Conventional Facilities-Butler building and concrete pad, utilities and sewer service, 
heating and ventilating systems (separate systems for animals and cells). 

• Animal Facilities-Duplicate present animal holding area, including drains, shelves, sinks, 
and flammable-storage refrigerator. 

• Biology Equipment-See section above. 

• Laboratory Equipment-Provide chemical fume hood, sinks, workbenches, flammable­
storage cabinet, water purification equipment, and autoclave. 

Costs for completing this project are detailed in Table 9 and summarized in Table 2. All work 
would be completed during FY 1992. · 
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Figure 8 

® ®@ 

General Lab Cell Lab.,.......~~~--.--t 
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Control Room 

Animal Care Rooms 
0 

Equipment/Furniture List 
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c· indicates standard equipment which does not require any special installation.) 

1 
2 • 
3 • 
4 • 
5 
6 
7 • 

8 
9 • 

1 0. 
11 • 
12. 

4' Chemical Fume Hood. 
6' Workbench. 
C02 Incubator. 
Flammable materials storage refrigerator. 
Laminar Flow Hood. 
laminar Flow Hood, Vented. 
2· Sinktop. 
Double SinR. 
Flammable materials Storage Cabinet. 
8' Workbench. 
Coulter Counter. 
Coulter Channelyzer. 
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13. 
14 • 

15 
16. 

17 
18 
19. 
20. 
21 • 
22. 
23 
24. 

Two 4' workbenches, drawers under. 
2' Sinktop. 
Double Sink. 
Wall-hung Storage cabinets. 
Milli-Que Purifier. 
Milli-Pore Purifier. . 
Sterilematic Autoclave. 
2' Workshelf. 
Wall-hung Storage Cabinets. 
2· Sinktop. 
Double Sink. 
Flammable materials storage refrigerator. 



Table 9 

New Cellular and Molecular Biology Laboratory and 
Animal Care Facility Adjacent to Beam 40 Area 

Salaries & Wages 

Maintanence Machinist 
Labor9rs 
Carpenters 
Electricians 
Plumbers 
Painters 
Sheet Metal 
Air Conditioning 
Engineering Supervision 

Total Salaries 
Payroll Burden 

Total Salaries & Payroll Burden 

Permanent Equipment 

Expendable· S&E 
Under $5000 

Other Direct Co.sts 
Shop Burden 
Scientific Burden 

Total Direct Cost 

Indirect (Overhead) 

Total Direct and Indirect Costs 

DOE Added Factor 

~ 

9111 
9112 
9113 
9114 
9115 
9116 
9121 
9122 
9141 

Total Costs for Fiscal Year 1992 (RY K$) 

FY 1992 
Rate/Yr 

$40 
$33 
$41 
$41 
$41 
$41 
$44 
$44 
$67 

43.5% 
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fil 

0.16 
0.80 
0.78 
0.48 
0.16 
0.16 
0.80 
0.21 
0.85 

4.41 

5.3% 

55.0% 

3.2% 

Sub-Total 

$6 
$26 
$32 
$20 

$7 
$7 

$35 
$9 

$57 

$199 
$99 

I 
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BEAM 

Movabl 
Wedge 

+Motion of t Wedge 

Fig. 18. Schematics of a double wedge system which is used to shift the 

range of the beam. 

Stationary 
Wedge 

...... 
BEAM 

RotatingW 
edge 

Fig. 19. Schematic drawing of a circular wedge used to reduce the size of 

the double wedge system. The thickness of the absorber is a function of 

angular displacement. The beam penetrates off-axis of the device. 
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Fig. 23. Picture of compensators cut out of a hard wax block. (CBB 875-3748} 

II.A.5.a. Off-line beam-range measurements 

A measurement of the range of a beam can be made using a water column or binary filter along 

with two dose detectors, such as transmission ionization chambers. One detector placed upstream of 

the degrader measures the incoming beam. The second detector placed immediately downstream of 

the degrader measures the ionization of the exiting beam. The ratio of the two measurements as a 

function of the degrader thickness yields the relative ionization of the exiting beam. A Bragg 

ionization curve is measured if the beam is monoenergetic. The beam range can be deduced from the 

absorber thickness where the Bragg peak occurs. For a modulated beam, the range, usually in 

water. may be defined for clinical purposes as the depth of the distal line of 90% of the isoeffect 

contour. Alternatively, it may be defined operationally as the water depth of the position in the distal 

dose falloff where the relative ionization is 50% of that of the peak, i.e., the peak position plus a 

portion of the width of the distal falloff due to the range straggling. If there are other absorbing 

material, including the air space, between the water column and the patient, their range-modifying 

characteristics must be included in the computation of the residual range in the patient 
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Fig. 24. The Bragg curve telescope measures a Bragg curve at several 

points using a series of ionization chambers, which are interspersed by 

pieces of material of known water-equivalent thickness. (CBB 874-5230) 

An alternative method for obtaining the range is to measure a depth-dose distribution in a water 

phantom. Here a small detector, either an ionization chamber or a diode, is moved in a volume of 

water and its readings are normalized to the incoming beam. It is important that the size of the 

detector be small compared with the field so that the change in dose as a function of depth is not 

dominated by the effect of the beam divergence. 

A plastic scintillator can also be used as a range detector. In a device developed at LLUMC, the 

beam is stopped in a scintillator block and the output of light as a function of depth is viewed by a 

CCD camera. 143 The light output is related to the energy loss of the beam, but is not exactly 

proportional to dose. Therefore, a calibration procedure is required to map the light output into a 

dose distribution. Its main advantage is that the entire range measurement can be done at once; 

however, the drawback is that such a device can be large. since the scintillation in the block must be 

optically imaged 
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Fig. 31. A brass bar ridge filter for modulating the range·of the 

Bragg curve is shown. This device is primarily used with the heavier 

ions where multiple scattering in the brass is less than for protons. 

Multiple scattering accounts for the lateral spreading of the different 

range particles over the target volume. (CBB 901-257) 

J:F'(t) dt = 1 (16) 

where Tis the maximum filter thickness. For F'(t), a bi-exponential form is assumed, viz., 

F'(t) = A(Be-cT + e-dT) (17) 

The ridge shape is given by: 

F(t) =-A(~ e-cT + ! e-dT) (18) 

For a neon-ion beam of an energy per nucleon of 585 Me V, the parameters used at LBL for the 

filter design were: B = 4, c = 0.4 (cm water equivalent)-1, and d = 0.008 (cm water equivalent)· I. A 

set of bar ridge filters of bi-exponential form for SOBP width of f.rom 4 cm to 15 cm at a step size of 
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Fig. 34. A pencil beam passing through a thin scatterer results in a 

Gaussian-like dose distribution. A dose accuracy of ±2.5% is obtained if 

the beam outside of r ~ 0.32 a is collimated out as shown in the hatched 

areas in the figure. 

and also that. contrary to widely held views, Moliere theory is valid for mixtures, compounds and 

thick targets (up to thickness of ==97% of the mean proton range).320 . 

A narrow pencil beam scattered by a thin scatterer produces an approximately 2-dimensional 

Gaussian dose distribution at isocenter. 321 Here a scatterer is called thin when the kinetic energy of 

the particle does not change significantly by traversing it The dose distribution as a function of the 

radial distance, r. from the central axis is 

D(r) =~e-(r2/r:2) 
-2 ' 1tr 

(21) 

where r is the rms radius of multiple scattering, and is related to 00 above as 

( )
1/2 r = T e2 = Teo lfi., (22) 

where T is the drift-space distance from the scatterer to the isocenter. If the dose profile D is 

assumed to be strictly a Gaussian with a standard deviation a, and the clinical requirements limit a 

dose variation to ±2.5%, only those particles near the central ray within the radius where the dose is 

=95% of the peak dose can be used. These particles provide a dose distribution of 97.5 ± 2.5% as 
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First 
Scatterer 

Occluding 
Post 

Second 
Scatterer 

Collimator 

1 

x 

lsocenter 

Fig. 35. Schematics of a double-scattering method using a central post 

occluder. The beam profiles downstream of the first scatterer, passed the 

occluding post, and at the isocenter are shown. The relationship between 

the size of the flat field at the isocenter (A) ,, and the two scatterers 

is discussed in the t~xt. In the lower figure, projected field at the 

isocenter is shown: the projected radius of the occluder is A, the beam 

enters at the center axis, the first scatterer scatters it by r 1 if there 

were no second scatterer, the second scatterer scatters it by r 2 , and the 

net displacement is r. 

For an occluding post. whose projected radius is A at the isocenter. the integration of Eq. (23) is for 
p > AIR.i· In one such system developed at HCL for the 180-MeV proton beam, the choice of two 

scatterers with R1 =1.7 A and R:z = 1.3A produced a flat proton field of a radius out to 1.5xA with. a 

±2.5% dose deviation.322 
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Fig. 36. Shown is the uniform field created using an annular ring plus a 

post occluder assembly. 

For a broader beam, a simple annulus occluder can be used. The beam through the central 

opening and that outside the occluder will be transmitted. The dose profile in a plane through the 

central ray exhibits three peaks. When scattered by the second scatterer, the broadened three peaks 

fill the annular dose void and produce a large flat-dose area at the isocenter. For example, such a 

double-scattering system designed at HCL for 250 Me V proton beams, with a distance of 3 m from 

the first scatterer to the isocenter, produced ±2.5% flatness in a circular treatment area of =25 cm 

useful radius with =23 cm water-equivalent residual range.323 PARMS at Tsukuba has also used a 

single annulus system to spread their 250-MeV vertical proton beam.u,7 

A flat dose of even larger area can be obtained by using a set of annuli and/or post occluder 

system as shown in Fig. 36. Such a system was used at LBL to broaden a neon-ion beam of an 

energy per nucleon of 670 MeV to a flat field of a diameter of 20 cm. Successively larger-area dose 

fields could be obtained by increasing the number of annular rings of increasing radii. A practical 

limit is reached when the beam utilization efficiency drops too low to perform a treatment in a 

reasonable time, i.e., several minutes. 

In making large flat fields, a large portion of beam particles is stopped in the occluder as well as 

scattered into the collimators. Suppose the beam intensity profile at the isocenter in the absen~e of 

the occluder is <I>(r), where r is the radial distance from the central axis; <I>(r) is typically a Gaussian 

as shown in Fig. 37(a). Making a flat field of radius R, using the occluders is approximately 
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different materials of very different atomic numbers, for example, plastic and lead (see Sec. II.C.l.c 
below).326, 327 

Another practical point to 1;10te is that the double scattering method requires thick scattering foils, 

which produces secondary particles for beam particles with Z>l, which lowers the peak-to-plateau 

ratio and raises the dose beyond the Bragg peak. These fragments also lower the RBE and raise the . 

OER values, thereby lowering the biological advantage. 328 As discussed above, the beam utilization 

efficiency is low, typically 20%. The low efficiency implies that a large portion of radiation is 

absorbed in the occluder, as well as in collimators and scatterers, resulting in increased background 

radiation in the treatment room. This becomes a serious problem when a double-scattering system 

must be placed near the patient, such as in the case of mounting it on a rotating gantry. Shielding 

needed to block unwanted radiation may become unacceptably heavy. 

11.C.1.c. Bi-material scattering 

The different scattering characteristics of heavy charged particles for different atomic-mass 

scatterers may be exploited in the preparation of therapy beams. A high atomic-mass material 

scatters more with little range loss; whereas, a comparable low atomic-mass material scatters little 

while modulating the range more. A pencil beam is laterally spread out to a Gaussian-like beam spot 

and is made to impinge upon the second scatterer. In order to flatten the field. the rays near the 

Fig. 39. Shown is a 

3 Lucite schematic represen-

tation of the cross-- 2 E section of a bi-
(.) -Q) 1 material filter for 
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..... seam 

beam spreading. 
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Fig. 49. {c} Axial stacking with a variable-speed raster scanning 

technique. (d} Schematic illustration of a 3-dimensional conformal 

therapy delivery. 

non-physical quantity used as a descriptive clinical parameter and has a dimension of dose-volume. 

Improvements to the dose distributions offer improved tolerance to treatment and may allow an 

increase in the effective tumor dose with a resulting increase in the probability of tumor control. 

Lyman and Petti have performed treatment planning comparisons of the fixed versus variable Bragg­

peak: modulations in targets involving the prostate. 377 Based on the analysis of dose-volume 
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Fig. 55. A multileaf collimator are used with dynamic conformal 

radiotherapy to allow dynamic shaping of the radiation field to the tumor 

volume. (CBB 919-7469) 

During a line scan, the slit is aligned with the scanning beam, and the radiation field is collimated to a 

rectangular shape of a specified length by the slit and the end blocks which are moved to the desired 

positions At the completion of a given line scan, the patient is moved to a position where the next 

line-scanned beam is aligned with the doses already delivered in preceding line scans. Repetition of 

this process produces an irregularly shaped radiation field in two dimensions. If the end blocks are 

made to rotate around pivots in such a way that their collimating edges align with the curved 

boundaries of the irregular port, the resulting irregular port shape conforms more closely to the target 

shape. This type of dynamic collimator has three controls: one for the patient motion and two for the 

linear motions of the end blocks. The pivoted version would require two additional controls for the 

angular displacements of the end blocks. The system can be adapted to two-dimensional scanning, 

in which the patient remains stationary and the line scans are moved across the patient. 

An example of a variable aperture collimator is the multileaf collimator which defines irregular 

shapes by means of many movable absorber bars, called leaves or fingers. A multileaf collimator, 

whose leaves are manually moved, has been developed and used at NIRS. 394 Shown in Fig. 55 is 
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ESTIMATED USAGE OF SELECTED RADIOISOTOPES BY YEAR 
(Curies) 

Retail Retail Retail 
Nuclide t I Consumption 1982 Consumption 1987 Consumption 1900 

2 

99l\Io/99mTc 66 h/6 h 100,000 (99Mo) 120,000 1.50,000 

111 In 68 h 1.50 160 18.5 

123! 13.2 h 75 1,250 3,100 

t2'Xe 36.4 d 100 100 100 

t33Xe 5.2 d 2.s,000 25,000 4.5,000 

201Tl 73 h 500 2,500 6,000 

Fig. 3. Useage of radioisotopes 
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Radioisotopes at TRIUMF 

Commercial: N ordion International 

~9 S9 
~-Sr/ -Ru generator 

PET: Neurodegenerative Disease Program 

18 F (FDG, FDOPA), nc (Raclopride), 150, 13 N 

Radioisotope/Radiopharmaceutical Development 

188 Pt nsw 97 Ru G7 cu 127 x e 122 x e/122 I generator 
' ' ' ' ' c 

Target Preparation 

Fig. 4. Ra<lioi::>otopes produced ar. TIUUMF 
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RF TRANSMISSION LINE 

TARGETS SHIELD 

I TR1 .3 RADIOISOTOPE GENERATOR 

SHOWING THE CYCLOTRON YOKE ANO 
TARGET SHIELDS OPEN FOR ACCESS 

Fig. o. Design of the TR13 - 13 Jvle V Cyclotron 
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TEST BEAMS at TRIUl\IP 

Calibration, cfliciencies, particle ID, high rate studies 

• protou,,, 111~utrons to 500 :\le\· ( 1.10 Ge\' /r.:) 

• pion;;, lllllOllS, eler.:trons to o . .i Ge\'/r.: {taggf'il) 

• c•n('rgy rl'solutions::::::: 1% or lwtt<'l' 

• sC'condary Lemn ratr.•s 102 to 10>1 partidl";/sf'r.: 

Radiation Damage Studies 

• protons to 10~ rads/n112 per wrl'k 

• proton ftuxcs between 10~ to 10 10 p/cm2/sec 

• uniform proton irradiations over areas of lOxlO cm2 

• sorne 111'11 tron irratliat ion capahilit y 

• proton and IH'utrou f'nergif's iu rangt> of iutl.'n~st for spar.:e applications 
a11tl Tt• \. collidt>r rar\iatiuu damag(' 

S0~1E APPLICATIONS USING TIUUi\lF DEAl\·IS 

Ra<liatio11 Dalllage/Detcctor Studies 

0 TRIC:\IF. sl.wh· or radiation damage to fWl'lllillll'nl 111aguet. 111alPrials 

• TH.ll'.:\lf · stuily of radiation damage to wngnet coil insulation 

• Sandia · ra<liati•m hank•ued electronics 

• Boeing - sing!·~ upset ratf's in I.C.s 

• U of Sask.· Calibration of SALAD d...tector with protons 

• D::\L/RHIC - Csl, PLF, DaF2 crystal-> with 300 ~lcV/c e, Tr be<>ms 

• Tan/ charm - Cs I crystal tests 

• 13::\L E787 • lead glass radiation damage 

• SSC - cliamo111l detector stmlics 

• SOC/Santa Cruz - radiation damag;e in silicon microstrip detectors 
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Fig. 7. Diffcrcntia.l energy spectrum of trapped protons for SGO km 88.8° inclination. 
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ToLal nurnbcr of patients 
no. of sites treated: 
l3rain ( G lioblasLon1a) 
Pelvis (Prost.ate) 
Leg 
Groinskin 
Na.so pharynx 
Chordoma. 
Schwanon1a 
Pa.rotid 
Mcningion1a 
Tcmpcral Bone Aden~ CA 
Mclanon1a Rt. Antrum 
A<lcnoca L Middle Ear 
Skin Nodule Trials 

Tot.al number of sites 

Phase three - randomized trial paticn ts 
B raiu 
- Photons 
- Pions 
Total 
ToLi.i.l no. required for trials 
Prostate 

- Photons 
- Pious 
Total 
Total no. required for trials 

Fig. 9. Number of patients treated using pions at TRIUrvlF 
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Fig;. 10. Arrangement of eye therapy proton beam delivery system 
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Steerln~ l\egn•t• 
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Fig. 12. Schematic arrangement for scanned beam proton ra.diog,n1.phy 
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Category A: pathologies characterized by the proximity to highly critical structures: 
- uveal melanomas; 
- chordoma and chondrosarcoma of the base of the skull; 
- paraspinal and spinal tumours; 
- parasellar meningioma; 
- craniopharyngioma; 
- optic nerve glioma; 
- acoustic nerve schwannoma; 
- arterovenous malformations; 
- hypophysis adenoma. 

For these pathologies the use of proton beams is the only way to administer a radical dose without producing 
serious side effects. 

Category B: pathologies characterized by a local evolution and by a low radiosensitivity: 
- prostatic cancer 
- retroperitoneal sarcoma; 
- indifferentiated tumours of the thyroid gland; 
- uterine cervix cancer (IIB bulky or IIIB) 
- rectal cancer (advanced) 
- salivary gland tumours. 

For these pathologies traditional radiotherapy already obtains good results which can be however improved 
by the administration of higher doses. · 
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Category C: pathologies for which the main indication for the use of protons is the boost 
on a restricted volume: 
- head and neck cancer; 
- low grade glioma; 
- malignant thymoma; 
- biliary tract tumours; 
- lung tumours hot microcitoma; 
- oesophagus tumours; 
- some pedriatic tumours (sarcomas, CNS). 

The use of protons for the whole treatment of these pathologies is less interesting because the required 
irradiation volume is often characterized by a large safety margin including regions of potential diffusion 
where doses of about 50 Gy are considered adequate. The high probability of distant metastases or rapid 
unfavourable evolution requires a selection of the cases based on the initial response of the tumour to the 
irradiation. 

Category D: locally advanced pathologies with unfavourable prognosis but which can 
allow a long survival with heavy symptomatology: 
- pancreas cancer; 
- local recurrence of rectal cancer; 
- high grade glioma; 
- isolated cerebral metastasis; 
- paraorthic metastatic adenopaties; 
- pelvic recurrences in previously irradiated areas; 
- rinopharyngeal recurrences in previously irradiated areas. 

The indication for the use of protons is to obtain a more complete and protracted palliation with fewer side 
effects in comparison to photon therapy. It is however possible that in some cases the administration of higher 
doses could give rise to episodic recoveries. 



Estimate o.f the potential users for proton therapy 

Category of pathologies Group of users N. of expected cases p e 1 

year for proton RT 

Category A The whole national territory 450-680 

Category B North of Italy 960• 

I 

~Category C Institutions of the "Progetto 
I ADROTERAPIA" (Liguria, 790 

Toscana, Lombardia, 
Piemonte) 

Category D Institutions of the "Progetto 
ADROTERAPIA" (Liguria, 200 
Toscana, L o·m bard i a, 
Piemonte) 

Total 2400-2630 



PROGETTO ADROTERAPIA 
Goals 

Hospital-base_q hadron-therapy "centre of excellenc~" whose main 
tasks will be: 

- treatment of cancers and of other desases curable with 
radiation; 

- development of new radiotherapeutic protocols and training of 
the medical staff of satellite hadron-therapy centres. 

More than 1000 patients/year for proton therapy (70 - 250 Me V and 
;;?: 1010 pis per treatment room). 

After a few years upgrade of the H- accelerator complex to 
accelerate light ions up to 160 8+ to maximum energies of .yff 
MeV/u. 4lOO 

5 treatment rooms: 

- 1 equipped with two horizontal beam lines for eye and large field 
treatments; 

_2 )'equipped with isocentric gantries; + 1 rbot'A w,'./J,. H ~ Vbea....s . . 
- 1 equipped with a horizontal beam line for future developments 

(light ions, ....... ); 

and an experimental cave for calibrations, radiobiology, equipment 
test (scanning system, proton radiography, ..... ), etc .. 
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VQl 

H- Extraction 

IKM 

Vocuum Valve 

H- Injector 

HIS 

(C 8 @®/@(/(/ llilil 

Proton and Ion 
Resonant Extraction 

.. BL = Long Bending Magnet 

• BS = Short Bending Magnet 

I HO = Horizontal Focusing Quadrupole 

I VO = Vertical Focusing Quadrupole 

• IKM = Injection Kicker Magnet 

• IMS = Injection Magnetic Septum 

• FKM = Fast Extrocion Magnet 

• FMS = Fasl Extraction Magnetic 
Septum 

• RFl = Accelerating Cavities 
RF2 

• RES = Resonant Extraction Electrostatic 
Septum 

• RMSl = Resonant Extraction Magnetic 
Septum 

• RMS2 = Resonant Extraction Magnetic 
Septum 
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Hadron therapy synchrotron parameters 

Basic parameters: 

H- /protons 160+8 

Charge-to-mass ratio (ZIA): 1 0.5 
Injection scheme: single turn 
Injection energy: 
Extraction scheme: 
Minimum extraction energy: 
Maximum extraction energy: 
Maximum magnetic rigidity [T·m]: 
Required average current [pnA]: 

11 MeV 
stripping I resonant 

60MeV 
250/300 MeV 
2.432 / 2.695 

11 

3 MeV/u 
resonant 

120 MeV/u 
400 MeV/u 

6.347 
0.36 

Circumference [m]: 
Focussing scheme: 
Number of FODO cells: 

59.677 
FODO 

10 

Beam ogtics 12arameters: 
horizontal plane I vertical plane 

Betatron frequency: 2.31 2.40 
Natural Chromaticity: -1.13 -1.94 
y at transition energy: 2.111 
Maximum values of the ~ functions [m]: 10.9 10.7 
Maximum value of the dispersion [m]: 5.14 0 
Emittance at injection [n: mm-mrad]: 20 20 
Normalized emittance [x mm-mrad]: 3.07 1.61 
Ap/p at injection[%]: ±0.22 
Beam maximum half-size [mm]: 26 15 
Vacuum chamber minimum aperture [mm]: 96 4b 
Acceptance without dispersion [n: mm-mrad]: 211 49 
Acceptance with dispersion [x mm-mrad]: 124 49 
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Magnets: 
H- I protons 160+8 

Dipoles: parallel-edge type 

Bending radius [m]: 4.534 
Magnetic field at injection [T]: 0.106 . 0.110 
Maximum magnetic field at extraction [f]: 0.537 I 0.-595 1.40 
Required physical aperture [nun2]: 170 (H) x 60 (V) 

Long dipoles: Number: 
Magnetic length [m]: 
Bending angle [mrad IO]: 

Short dipoles: Number: 
Magnetic length [m]: 
Bending angle [mrad IO]: 

Quadrupoles: 

12 
2.274 

502 I 28.7 

2 
0.600 

132 I 7.58 

H- I protons 160+8 

Magnetic length [m]: 0.15 
110 x 110 Required physical aperture [nun2]: 

Type HQ(a): Number: 10 
Maximum gradient [T/m]:7.212 I 7.992 - 18.82 

Type VQ(b): Number: 6 
Maximum gradient [T/m]:6.724 I 7.452 17.55 

Type VQl(b): Number: 4 
Maximum gradient [T/m]:5.476 / 6.068 14.29 

(a) Horizontal foalSsing quadrupole. · 
(b) Vertical foaissing quadrupole 
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Straight sections: 

Type 01: Number: 
Length [m]: 

Type 02: Number: 
Length [m]: 

Type 03: Number: 
Length [m]: 

Type 04: Number: 
Length [m]: 

Timing: 

Repetition rate [Hz]: 
Injected pulse length [µs]: 
Acceleration time [s ]: 
Rat-top [s]: 
Fall time [s]: 
Magnetic field ramp [T/s]: 

RF accelerating system: 

Frequency at injection [MHz]: 
Maximum frequency at extraction [MHz]: 
Effective accelerating voltage [kV]: 
Peak accelerating voltage [kV]: 
Stable phase (O]: 
Maximum frequency tuning rate [MHz/s]: 
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0.763 

6 
2.774 

2 
1.924 

22 
0.250 

4 
0.550 

H- I protons 

2 
0.656 
0.15 
0.25 
0.1. 
2.87 / 3.26 

3.083 I 3.278 
0.776 / 0.881 
1.553 I 1.762 

15.47 I 16.77 
30 

160+8 

1 
1.243 
0.4 
0.3 
0.3 
3.22 

0.402 
3.590 
0.872 
1.745 

7.969 



Reguired beam intensity on patient to obtain a dose rate of 5 Gy/min 
in a volume of 2 litres. 

p 

6x1010 

He 

1.5x1010 

(particles per second) 

N 

2.5x109 
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2x109 

Ne 

l.5x109 



Light ion injector 

To achieve the required intensities with single-tum injection: 

- high current l~w charge state production ( 160+2 or 12c+2
); 

- stripping to bare nuclei in two steps during acceleration. 

>Two separate linacs for H- and light ion acceleration. 

This means: 

- greater reliability and simplicity of operation; 
- greater flexibility in running parallel activities; 

- fast switch between H- and light ion acceleration modes; 
- smaller impact on the costs of the initial project. 
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Preliminary configuration for the linac (reference ion: Oxygen): 

- PIG, Chordis or ECR (optimized for low charge state production) 
1on source; 
peak current: 4.6 pmA 160+2 in pulses a few µs long, 1 Hz 

repetition rate; 
extraction potential: 20-:30 kV (2.5 - 3.75 keV/u); 

- low energy beam transfer line: two solenoids, no mass 
spectrometer for charge state selection; 

- RFQ (2.5 --> 250 keV/u, q/A ~ 1/8), f RFQ::::: 100 MH:z, length ::::: 

2.5 m; 

- Alvarez DTL (0.25 MeV/u --> 0.85 MeV/u, q/A '2::. 1/8), f DTLl = 
f RFQ, length::::: 2 m; 

1st stripping foil: stripping efficiency to 1606+::::: 50 %; 

- Alvarez DTL (0.85 MeV/u --> 3 MeV/u, q/A-'2:. 0.375), foTL2 = 
2f DTLl' length::::: 4 m; 

2nd stripping foil: stripping efficiency to 1608+::::: 60 %; 

The same linac could be used for the a~celeration of Carbon ions, 
the required peak current of 12c+2 would be 4.3 pmA in pulses a few .. 
µs long and 1 Hz repetition rate. 
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Extraction· system 

H- => stripping:_ - simplicity; 
- small emittance; ( ( )C C! £, ) 

- several cheaper extraction ports (short 
beam lines); 

- feedback on the extracted beam intensity. 

light ions and protons => resonant 

Fast extraction both for protons/H- and light ions will be 
implemented to dump the beam in case of failure. 

Vacuum ( = 10-10 torr) 

- aluminium vacuum chamber + NEG; . 
- stainless steel vacuum chamber + ion pumps. 
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CONTROL SYSTEM STRUCTURE 
HARDWARE 

......, ALL COMMERCIAL AVAILABLE ANO 
STANDARD COMPLIANCE COMPONENTS 

-.HARDWARE ESTIMATED COST= 30% OF TOTAL COST OF CONTROL SYSTEM 

EXTERNAL 
NETWORK 

TOP LA YER: __. COMPUTER: CISC (INTEL) 
SUPERVISION RISC (HP, ALPHA) 

CONTROL ROOM 

RING BROADBAND 
NETWORK 

TREATMENT 
PLANNING 

NET: FOOi 
FAST ETHERNET 

+ATM FDDl-11 

TREATMENT 
ROOMS 

LOW LAYER: __..BUS: CPU: 

REAL-TIME coNTRoL Ct~~e~F+ ~~6RoLA 
MAGNET EISA 
POWER SUPPLY 

' ' ' ' 

RF 

' -
'I - --- -

DIAGNOSTIC 

I 

I 
I 

I OTHER 
I EQUIPMENT 

------... DEVICES SERIAL CONNECTIONS 
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Beam diagnostics requirements 

1 Closed orbit beam position monitoring 

2 Beam current monitoring 

3 Extraction current monitoring 

4 Beam loss monitoring 

5 Beam tune monitoring 

6 Beam profile monitoring 
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3 Extraction current monitorin s stem (in the 
extracted beam line 

Multi-foil secondary emission monitor (SEM) - to. 
be calibrated against an absolute monitor (e.g., a 
Faraday cup) 

Fluorescent screen to observe beam position and 
profile 

Measurements of the current of the electrons 
stripped from the H- ions at extraction 

..f:o ~Mt'.....t' ~ .. -
t°OOW\ $~ 

it . 
I 

d 
. 
\ 

~ 
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Energy 

The information needed is the range in tissue and 
the relative energy variation (for step by step range· 
modulation). The range measurement will be 
performed on the extracted beam.· 

Emittance of the extracted beam 

Instrumentation for emittance measurements to 
be provided on one of the beam lines (during 
commissioning) 

Interesting to compare emittance of H- and proton 
beams 

Feedback on the stability of the extracted beam 

Two possibilities: · 

measure the current due to the electrons 
stripped from the H- ions 

use the signal from the ion chamber placed 
just before the patient 

Possible use of fast bump magnets for feedback 
control 
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TASKS FOR PROTON THERAPY DEVELOPMENT AT FNAL 

Tasks 

- ~~~-Slow Spill 
.... Raster Scaa 
- Coafocm.a1Sa.n 

- Controlof Penumbca 

3-D. Dose Di&,!>!tiai MeasurementJ.. 
&ificat~.·-- . 

v-allreaiorimetry 
Absolute Cahlu:af.ims and Compacisom 
Measure E md· f.precisely at FNAL 
PET Jlismts for dose distributioas 
build low cost detectors 
build sharable detecta:s 

w Protc:m T S111.0f!r!f>iy 
•\tp•.ttt 

~ Not 
Done -

!PSI 
? 
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PR.OTON THERAPY AT FERMILAB 

- Develope Systems for Treatme.nt Centers or of General. lnterbt to Proton Therapy: 

There is not enough time available at Clinical Therapy Centers for real development 
Exisiting or planned Proton Therapy facilities or places interested in proton research: 
LLU:MC. MGH, Indiana.PSI, GSI. Italy, Nice. Paris, MSU, Uof M, U of Wisc ........ . 

FNAL Spans any envisio.ned energy range 

!= Ft;A~~ 

"''* 

There are ~limited" resources for complicated detector developments al Therapy facilities -
FNAL can build detectors to be "bo1Towed" by labs to help in particularly difficult 
calibr~om ... etc. 

Develope new systems: 
Beam Optics 
Beam Delivery Systems 
Detectors and detection methods 
New Tedlniques 

- Develope an acrual clinical therapy s~em 
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1 Using short length·pulse beam 
in proton therapy 
< ITEP ·experience). 

Problems <parts>: 
1. Dosimetry and monitoring 
2. Dose compliance. choosing intensity llmit amd method of intensity 
control 
3. Dose delivery ~ystems 

T.erminology 

~ 

Number of particles per pulse - Np• particles/pulse 
Pulse· flux - FP' .particles/sec 
Pulse fluence - fp, particles/cm2 

Pulse Intensity - IP' particles/cm2 sec 
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4 Kain paraaeters of the internal beams 

ITEP FNAL 
.. 

Energy 70-200 Mev 100-400 Hev 

Np 109-5•1010 1013 
Pulse length 100 nsec 30 IJSeC 
Repetition rate · 15 p/11in 15 p/sec 
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7 ~. Absolute dosimetry 

Measureunts of activity <a-r coincidences) iLduced in polystyrene 
in reaction 12ctp,pn> 11c · 

II Beaa monitor 

Current transformer 

• Phantom dosimetry 
<dose distribution measurements> 

'a. Pbotoarapbic <p -+ photographic fil• -+ microdensitometer> 
technique · · 1_ ~ >-
b. Snicoaductor dosimeter . ,., ~''ta~ 
c. Ther•lwainescent dosimetry <TLD> · 
d. Ionisation chaaber 
- ordinary g= 7 U, y;: 2 kV, Tv= 300 V/m~. ~P'. _109-i-o10 e/cl!l2scc .. 
~ non-ordinary a=l ... V=l.5 kV, != 1.5 kV/ ... IP' 5•101 p/cafsec 

-266-. 



- C") 
W·-

.-N 
W·-

.-N 
W·-

·'. 

. w ~: lllllllllllll 

-
+Q. 

c 
"5 
(.) 

.~ '& . LU-.~ 
..: -
II 'ti° 
.~ .x: 

-267-

·-co 
I 
N 

II 
C") ·-



----------, 
\ 

a::ez>cnc.oi::cn CD 

-268-

w 

"' 0 
Q 

i:: 
0 :; 
i:: 
:a 
E 
8 
CD ... 
! 
CD 
i:: 
CD 

" 

i:: 
0 
~ 
RI 
i:: 
:a 
E 
8 
Cl> ... 
'i9 
~ :s 

-
i -() 
cu 
Cl) 

N 

E 
u -t: 
ftl 
~ -
~ --



10 
Liait of pulse intensity for non-ordinary !Ch < 5•1015 part/cufsec 

ITEP synchrotron pulse intensity < 1016 ·.· part1cm2sec 

FL LINAC pulse inteni:·i ty < 3•1016 part/cm2 sec ( 1013 part/pulse. 30 
...sec, 4 cm target diameter> 

Probably it is not too difficult to build ICh ~!ith tr:-.!.<:''.':\!"'c-~ 
dimensions. of 25-30 c in for IP < 10!3 part/c:·2 :-cc 
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11 Conclusions: 

1. It is possible to build a dosimetric system for al 1 intensity 
ranges without an ionisation· chamber, but it is not the best 
solution. 
2. Even high-voltage strength ion chambers don't cover all ranges of 
!TEP and Fermilab pulse intensities and they can't be used. as 
monitors at full intensities. 
3. In order to use !ch it, s desirable to have pulse intensity upper 
limit of 101& part/cm2sec. 
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12 
Iar .. t volume - 15 litres < 25•2S-25 ca3> 
Doae - 2 Cy 
1...-.dlatioa ti .. • 100 sec 
total n~r. of particle• • s•1012 
Reserve - 2 · 
Nuaber.-, of part. per pulse 

5•1012 • 2 
N ~ ---------- s 7•109 part/pulse P. 

100•/5 
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13 
1. Probably there are no clinical cases requiring more than 7•109 
part/pulse at 15 Hz. 
2. For all clinical and preclinical work, it is necessary to put 
this limit <7•109) to the number of particles in a pulse, the full 
pulse duration remaining 30 µ.s Cfor example, by decreasing the pulse 
flux of the source>. 
3. Pulse intensity of the beam incident to a large target or to ·a 
beam monitor, becomes 

= 4•10 11 part/cm2sec 

4. Further decrease of the number of particles per pulse Cdown to 
108-107 part/pulse) for irradiation of smaller targets, m~y be done 
in two ways Cby decreasing the source pulse flux about 10 times and 
by shortening the pulse length). 
5. The limit Ip < 1013 must always be maintained. 

As the result: 

It becomes possible to use an · ordinary simple large-aperture 
ionization chamber in all ranges of operation of pulse intensity for 
both purposes - as. a research instrument in preclinical studies and 
as a dose monitor for treatment. 

Since no less than few hundred pulses are required to de 1 i ver the 
dose, it becomes possible to provide compliance bet ween prescribed 
and delivered doses in all cases. · 
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Conclusion 

It is extreaely desi~able t~ loo~·ro~ the way to create dynamic dose 
delivery syste~s for the Fer·a1 lab linac. 

15 Hz repetition ·rate, 30 us pulse .duration and, finally, the 
availability· of the H- beaa open certain possibilities !or it. 
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HO PRDBl..Fll WITH SPACE ClL\RGE LIMIT . . 

SIMPL J?OWER SUPPLY SYSIBI 

SI'AIILITY OF ~ BEtlf · 
DOIS llOl' DEPEND FROM 

RIPPLE OF MAGNETIC FIELD 

SIMPLE PF SYSTE& 

SMJ.IJ FRESJENCY RANGE- 1.5 

SIDI I V .A.ClltBI CHAMBER APPERTURE 

POSSIBLE.TO USE AL VACUDM 

. CHAMBER Wim DISTRIBUTED 

IOH .AHD NEG PUMPS . ' . . 

BISI DU'l'Y FACTOR 
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.Beam Intensity 

.1. Beam intensity (dN/dt): 1oii/second at200MeV, averagedoveI'One cyd! at . . 
end of gantry, including all le>sses in the transport system with the usual 
monitors required to· be i~i the beam used during patient treatment, 

·---~_upstreamof ~vacuum exit~~w-~ ~_gantry. . 
.2. Spill Length: 1.0 second minimum. Extended flat-tops are desirable with 

c:onespondiz_lg less current (dN / dt) acceptable corresponding to the s~ 

circulating.cUr?ent in the synchrotron as for the 1 second spill. Variable 
spill lengths down to ·o.i- second are also acceptable if the synchrotron 
cycle rate can be correspondingly inaeased. 

3. Macroscopic (Spill to Total Cycle Tune) Quty Factor: Fraction of machine 

cycle in which beam is available: ~Oo/o 
4. Mi~oscopic (r.f.) Duty :factor. Full i;nodulation by r.f. in the MHz range is 

aCi;!?~?ble- · ~ . 
. 5. Undesired Bea,m Intensity Modulation: Acceptable time structures in 

extracted. beam are spedfie4 below for. scuuiing ~scattering_~-~: .. _· ·-- . ---- . ' . 
. 6. Beam Intensity Modulation Capability Within Pulse: Minimum 

implementation: no modulation needed - variable vel?city scanning 

usecl. ~de path:' 100:1 dynamic range down from rate that produces 
. maximum.intllmity, with bandwidth from d.c. to 5 kHz. 

.7 •. Pulse-:ta.P~~ S~lection of Beam .Intensity:· 1000:1 variation of circulating 

beam intensity from pulse-to-pulse specified by data arriving no less than . 
0.1 second before injection.with ±lO!o accuracy at the lOS I second average 
intensity level, maeasing in accuracy to ±24Yo at the.1011/sec average 

intensity level . 
. . s.· Beam ABORT nme: ~O µseconds to completely shut off beam after a 

. · trigger siSnal. is received. _ .. ~. _ . _ . 
The limits of the intensity excursion, or peak intensity, integrated within the 

s~ed ~ow time fc;>r the instantaneous. extracted beam rate are specified as· 
follows: · 

Scannin • lg Method"' ~ . en ts . 
Window Tune Maximum Excursion 

>200µsec 
, 

±20% 

200 µsec:-100 µsec Linearly rlsin.2 to ±100% at 100 µ.sec: 
. 

100 µsec-25 µsec: Unearly rising to excursions Sx average 
spill rate, or less than 5 x ic' particles, 
whichever is more at 25 µsec. 

<25µsec No specification-will be eon~olled by 
the r.f. structure. 

- ·- . 
Method·Requirements 

. W~wTune Maximum Ex.cursiOn 

1 millisecond No ro.ore than 1~9 protons, or 0.1 % of the 

total number of protons in the treatment, 
whichever is less. 
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Accelerator Performance Specifications 

"Energy 

. .L Energy Ranp: 70-250 laV protons at the gantry exit measured with the beam 
monitors usad du.rinc patient treatmentl1 but before the ~&cuum exit 
window.' · · 

~~tablish a ~e~.~xtr;i..~ian_ Energy: Next pw.se or one~~~?!'?~ 
.3. Energy PredsioD:' The energy will be within ±0.4 MeV of the requested 

eriergyCNf!l the entire ~_,g_e. ____ _ 

.4. Energy Variability: The resolution of the energy-determining system will be 

no greater than±0.4 MeVoyer the entir.e range. 

s. Energy Sprad; S:t0.1% FWHM at exit of gantry at 100 ~V and up, 
. measured with ti\e beam monitors .. used during patient treatments,·but · 

· be£ole the vacuum window. · 

.6. EnergyV~ti~ns of Extraction: ~:1~ 

Quality of E;xtracted Beam , 

1. Tnuveme Emittance: S0.51t an-mrad, ?m:s1 mmormalized, at 200 ~V, at 
accelerator mt. 

2. Position md Angle Stability of extracted beam: ·Extracted beam, measured 
at synchrotron exit, must not vary by more than ±1 mm or by ±1 mrad 
dw;ng the pulse, or~ pulses a~ the~ ~SY·. See [Sec. 3]. . ' . . 

Acc:aleiator Beam Monitoring 

.1. Monitoring of Beam Clrc:ula~g tn ~ynchrotron: Primary beam monitor · 
must .operate down to S x 100 ~culating protons with an accuracy no 
worse than ±10%, impmvmg in m:uracy to no worse than ±2% at 10S or 
more circu1aq promas. 

. . . 

.2. nme to recover from varioas shut-do~ c:ondit~ons: Tune to start up or 
shut down from various conditions are specified in the table below. 

ltBn Startu-p/Shutdawn Tune 
Padlity startup from total . 1Day 
shutdown 

Daily operation startup to point lhom' 
when. . . ., c:an be done 

Contr01 system startup so start 30 minutes 
and check computer 

Daily~ shutdown time 15minutes 
to safe mode \ 

F~ shutdown cmd secure 4hoUrs 
i4-m• -279-



FACILITY FOR PROTON THERAPY OF CANCER 

EJECTING MAGNET 

INFLEC:TOR 

DEFLECTOR 

DEFFECTING MAGNET 

EJECTING CHANNEL 

1. ION SOURCE 

2. BUNCH ER 

3. 2 GAPS LINEAR 

ACCELERATOR 

4. INJECTING MAGNET 

5. FRAME MAGNET 

6 .. ENVELOP OF MAGNET 

7. COIL 

8. SUPPORT 

9. MAGNET 

10. INFLECTOR: 

11. DEFLECTOR 

12. EJECTING MAGNET 

13. VACUUM CHAMBER 

14. RESONATOR 

RF SYSTEM 

INJECTING CHANNEL 

REGISTRATION SYSTEM 

LAY-OUT OF 
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Oompa.ot A6oe1e.rator :for Proton Therapy 

.~ 
.· 

·8 .. 

· lllll I I ·I 
.•. 

o,. os ISS e 
·----·- -··········-· ... ··-· 

·-· 
In.'tellai ty" • • • S e • • • • • e II f • • e f ·• • • e • • • .101 l • p/s 
Particle type •••••••.••••••••••••••••••• H­
Injeatian.energ •.•••••..•.•••.•..•. 12 l!li9v 
Ejection ertm o ................. 7o+250 HIV 
Bepetiticxl rat.e •••••••..••.•.• ,., ••••• 5 Ka 
Flat top ~ ••••••••.•••••.•.••• 30 DS 
Orbit c~ ................. 35.2 a 

( 

12 ~ EM:! 

I j.: I I I I I .. 

IS e IS s 

'Ba=di re ~\lS. • • • • • • • • • • • • • • • • ••••• 'Ill • a . a2 
Injection field ..••...••••••••• ~ ••• 0.131 T 
Mztxi•a field .......................... 0.836' T 
li.eld· aradient lenath of rr a.rd D ••••• o. 2 m 
~gradient for B'-lems ••••• 2.5 a-2 
Nomaliaed aradient for D-lems ••••• 4. 6 a-a 
traxfmm field ~t in lenses •• 11. 2 T/m 
Borizon'tal tune, Q't •••••••••••••••••• o. 717 

~ o'f ~ ••••••••••• e ·• •••••• 2 Vert;j.ca.1, "b.Jxle, Q& .... ,. ... o •••••••••• " •• 1. '235 
~ iltlUCtme: Maxin• value of Pr m ~ ....... 8.1 • 
01B0200zF01B1<Bm1, B1,B ·- the edge l'!axjJEllm value of ~:&'o in ma&neta •...... 5.0 m 
vortical foalatD& .,.,..., 'B and D - Jiaximm ot dispersia). in 'IDB&D8ta .... 11. 5 m 
foalaizla 6td. defOOlaill& qu.adxi.lpoles, Transition ~rg'f ••••••••••••••••••• absent 
&:XOrdiniil.y, 0, .01 ~ Oa - straiabt Qu:Qlaticity ~(dp/p)'C'.z •••• --0.16; 3.2136 
sections . '·· ~ in m8iD8ts ~ ••••••••• l.20*35 .,.,,. 
01 l.exls"ttL ................... ~ ~ .•.•••.••• 1. 5 • lla.1f ~rt&li-e in. lerisies ...... "' ............. 5<BI: 
Oz lensth ..•....••.••••.•..........•. 0.2 • Vacuua .....•••••••••.•••.•...• 5•10-lO Torr 
o ~. · · ............................ o.4 • -~c Jllll'lier •• ~ •••••••• · •••• ~ •••••••••• 2 
Total number bezid1na 1181D9ta ............ 10 l'requeDcy ~e of RF .•.•.• 2. 71+10.46 tlbi 
ll1eld. lsDcth of B •••••• ~ ............... 3.0 a iicc»le.t"aticn tiJDe ••••••.•••••••••••••• 0.1 • 
liald length of 81 •••••••••••••••••• 1.5 • AoaeleraticD .Oltaee ••....•..•.••..• 1.4 k' 
ld8e .e;melea of B and Bt Con entrazJCe and-282- '1f'nnn io)o..,..1,- .... -i........... - · · 
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Advantages of a laser extraction: 

1. Stability of the external beam doesn,t depend on magnetic field 
stability of the bending magnets and extraction devfces. 

2. It is possible to vary extracted beam intensity in a uide range. 

3. It is not necessary to decrease accelerator intensity hundred 
times when low intensity external beam is to be used. 

4. It is possible to change beam energy in a accelerator cycle. 

. . 
5. Energy of the particles remaining in the accelerator can be 
slowed down thus decreasing activation level. 

6. There is additional way to measure extracted beam intensity. The 
latter ls ·proportional to the product of particle intensity in 
accelerator and laser beam intensity. T~ese parameters can be 
measured in a simpler way than extracted 7 ·eam intensity. 
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Transversal. irradiation. 
The continuous laser beam intersects in the transversal horizontal plane 

the circulating accelarated H- beam at the drift space of ?ynchrotron orbit. 
Assuming t.he laser beam as a. "la.rgel'" we can determine the number of the H0 

as regards to the number of initial H- particles: 
N =N nal Cl), 

0 -
where N - flux of the H0 particles, N - flux of the H- particles, 

0 -
n - r-part.icles concentration in the "target .. , a - cross section of 
recharging, l - "thickness" of the target. In this consideration l=d, 
where d - diameter of the laser beam. 

The concentration n is: 

n = -----
(2), 

n d2 h c2 

where W - power of laser, h - Planck's constant C6.64 10-34 Js), 
A - wave length of laser. 

From C 1) and C2) it. can obtain the number of H0 particles produced during 
time dt Ct.hat is reduction of· the total number of If" particles): 

dN = ~ 4 W A K a NCt) dt (3) 
TC d h C

2 
Trev 

where T - period of revolution of the particle in synchrotron, K -rev · 
ratio of area of the "laser target" in tranversal phase space t.o t.he 
total tranversal phase Volume of the circulating beam. 

Assuming Gaussian di.stribution of the initial beam: 

1 ya y'Z 
FCy,y') = exp( - - - - ) , it can obtain Cassuming: 

2 7t O'y (jy.' . 2 ~ 2 a;' 
Twiss parameter a= 0): 

d 
K = fdyf dy' FCy,y') = Erf ( - ) 

d/2 -m 2 a y 

(4), 

d 
Ford» a K ~ AY ~ 2.44 ay , where ay - vertical halfsjze of the 

Y. . -f1i (J 

beam in ~he point of lhe inlerreaction. 
~ ·, . 
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Solution of .equation C3) provides the number of H0 particles to the time t: ., 

CS), 

where Nl - total number of 11 particles to the begin of extraction 

and T is: 
n3

/
2 h C2 Trev ay 

T = --------- (6) 
4WA.a 

The parameters for C6) are: 

T = 0.46 mcsec, a= 5.3 mm CT:; 70 MeV) rev y · 

A. = 0. 7 10-6 m , a = 3 1 O - 21 m 2 . 

For T = 100 msec W = 1030 W. The phase·volume of the extracted beam for 

d=l mm is: ~·~ = 9 mm mrad, ~Y =. 0. 2. mm mrad. 
' '.'' 

Longitudinal irradiation. 

For this variant laser beam is directed along initial beam at the drift 

space in synchrotron. The axises of laser beam and H- beam are coincidenced. 

Then 1 - length of laser beam and K is Cfor assumption Twiss parameters are 

constant for the drift space): · 

d d d2 

K = Erf ~) Erf ~)~ rr-
x y 

(7) 

and T is: 

a h a T n1 !; c rev ax ay (8) 
T =--------

For 1 = 2 m·, ax= 16.5 mm and T = 100 msec. W = 14.1 W. The phase volume of 

extra~ted beam is: Ix= 0.2 mm mrad, IY= o.2·mm mr-ad. 
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Recharging of impulse of H- b~am by laser·impulse. 

In the case of the transversal irradiation of H- beam by laser beam 

he r-atio of the number of H0 particles to the total number of particles in 

he imp.ulse is Cf or K=1): 

N° 4EA.cr 

~ot = rr d t.h C2 

1 

where E. - impulse energy of laser, ti- impulse duration. 

or ti= 30'mcsec, N°/Ntot=1 and d~1mm E = 670 J. 

n the case of the longitudinal irradiation formula C9) becomes: 

=-----
rr d2 t·h C2 

i 

where 1 - H- beam length. 

or 1 = 1 m E = 0.67 J. 

he practical recharging of H- beam was carry out on LEAR. 
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STUDY OF BEAM LOSS MECHANISMS AT PSR 
(R. Macek, 10/25/93, Fermilab) 

• Overview of PSR 

~ . • First-Turn losses and excited states of H0 
N 
I 

• Experiments on production of H0 (n) in stripper foils . 

• Work that might be done at 400 MeV H- beam facility 
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I 

INTENSITY LIMITATIONS WITH PRESENT PSR 

·-· Average current limited to - 75 µA @ 20 Hz from beam losses 
in the ring and resulting radioactivation. 

~ • Peak Intensity limited to 3 - 4 x 1013 from bunched beam 
instability 

• - 6 X 1012 ppp (coasting beam) 

- . Instability believed to be e-p coupled oscillations 
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CLASSIFICATION OF BEAM LOSSES AT PSR 

• Losses at Injection Foil (8 - 10 °/o) 
- Stripping inefficiency and beam that misses foil 

• "First Turn" Losses (0.1 - 0.3 o/o) 
- Excited States of Ho that strip in downstream dipole . 

• Stored Beam Losses (0.3 - 0.5 °/o) 
- Primarily from scattering in the stripper foil 

• Extraction Losses: ( ~o .1 °/o) 

• Fast Losses - PSR Instability 
- Avoided in Present Operation 
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STORED BEAM LOSSES 

• Nuclear Scattering and Absorption. 

a N ::::: 0.33 b 

• Large Angle. Coulomb Scattering. 

an= 0.68 b 
O'R = 1.53 b 

0 > 3mr 
0 > 2mr 

• Loss from sum of Nuclear and Coulomb 
Scattering. 

1 · 10-5 /foil traversal 
1.8 · 10-5 /foil traversal 

• Observed 

f"V 2.2 · 10 .... 5 f-turn in 1987 

0 > 3mr 
0 > 2mr - . 

f"V 0.5 · 10-5 /turn, September 1990 
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Offset Injection Scheme in Y-Y' Plane 

Fall Edge 
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266 BETHE and SALPETER: Quantum :Mechanics of One- and Two-Electron SyJ. i:ems. Sect. 63. 

Table 15. Transition probabilities for hydrogen in 10' sec-1. 

, Initial I Final n=t i 2 3 4 i 
5 Total Lifetim~ I 

I I in to-•sec I I I 

I 
' i 2S np - I - - ' - - 0 00 I 

2p ns 6.25 ! I 6.25 0.16 I - - - I -
2 4.69 I I 

' 4.69 mean - - - I - 0.21 I 

0.063 
I 

3S np - - I - - 0.063 16 
I 

3P ns 1.64 0.22 - - - 1.86 0.54 I 

3d i np - 0.64 - I - - 0.64 1. 56 I 

3 I mean 0.55 ' 0.43 I i I 0.98 1.02 I - I - -
4s np - I 

0.025 : 0.018 ! - - 0.043 23 

{j o.68 0.095 0.030 ' 

} ns ! - -
4P I 0.81 1.24 nd I ' 0.003 - I - ; - -
4d 

! 

np I - ' 0.204 i 0.070 I - - 0.274 3.65 I ' I ; I 
4/ I nd - ! - ' 0.137 I - - 0.137 7.3 I 
4 i 0.129 0.083 0.089 

I I 

0.299 3.35 I mean I i - I -
Ss np - 0.012,. 0.0085 i 0.0065 - 0.0277 36 I 

{ ns 0.34 0.049 0.016 0.0075 - } SP 0.415 2.40 nd - - 0.0015 0.002 -
Sd { np - 0.094 0.034 0.014 - } 0.142 7.0 n/ - - - 0.0005 -
Sf nd - - 0.045 I 0.026 - 0.071 14.0 
Sg I n/ - - - I 0.0425 - - J.0425 23.5 

I 

5 j mean I 0.040 I 0.025 i 0.012 ! 0.027 I - 0.114 8.8 I 

6s I np 0.0073 
I 

0.0051 0.0035 0.0011 ..... ~ 0.0176 57 ! - I 

{j ns 0.195 0.029 I 0.0096 0.0045 0.0021 ' l 6p 
I 

0.243 4.1 nd I 
0.0007 0.0009 0.0010· - - I J 

6d { np - 0.048 i 0.0187 0.0086 0.0040 } 8 .. so 12.6 I I n/ - - I - 0.0002 0.0004 I 

I 
6/ f, nd - -

I 
o.02io 0.0129 0.0072 

} ~.J4: 2 24-.3 li ng - - - - 0.0001 
6g ! nf - - I - 0.0137 0.0110 o.~2 ··-~ 40.S 
6h ng - - - - 0.0164 0.0164 61 I I ' 

I 

0.0162 I 
I ! I 0.01.01 0.0510 19.6 6 mean 0.0092 I 0.0077 0.0077 I ! I ! I 
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FIRST-TURN LOSSES 

• ·Field-stripping of excited stat~s of H0 in downstream dipole 

• Stripping is accurately descri~ed by theory of Stark effect 

• No quantitative theory for production of excited states in 
stripper foil 

• Experiments to measure yields for relativistic H- incident on 
thin foils 

- Yield - 1 /2°/o each for n=3 and n=4 from 200 µg/cm2 foil 
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EVIDENCE THAT FIRST-TURN LOSSES ARE FROM H0 (n) 

• Location of Losses 

• Variation with foil thickness 

• Consistent with estimates for H0 (n) production 
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r. r =Ii, ( A2.1 l) 

where r is the energy width of the given state. A semiempirical formula for r is 

derived by Damburg and Kolosov55 

( 4R)2n2+m+l 
r=-----

n3n2!(n2 + m)! 

2 n3 F · 53 
xexp(-3R-

4 
(34ni + 34n2m + 46n2 + 7m2 + 23m + 3 )), ( A2.12) 

where F is the electric field in atomic units, and R is a parameter given by 

R = (-2E)312 F- 1
, (A2.13) 



1 3 
E = -- + -n(n1 - n2)F 2n2 2 

4 . 

-~[l 7n2 
- 3(n1 - n2)

2 
- 9m2 + 19]F2 

16 

+~n1(n1 - n2)[23n2 - (n1 - n2)2 + llm2 + 39]F3 

+7SO(n1 - n2)i + 830m2 + 59293)F5 • 
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Figure 4.28 Relative yield of n = 2 a.'l. 8:Jo ~IeV versus foil thickness. The solid 
line is the best fit to the simple rate equation. 
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Figure 4.29 Relative yield of n = 3 at· 800 ~IeV versus foil thickness. The solid 
line is the best fit to the simple rate equation. · 
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Figure 4.30 Relative yield of n = 4 at 800 Me V versus foil thickness. The solid 
line is the best fit to the simple rate equation. 
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Figure 4.31 Relative yield of n = 5 a.t 800 ~1eV \"ersus foil thickness ... The solid 
line ·is the best fit to the simple rate equation. 

-327-



;.,.., / ... ( .i. -. _/ ... ..Y , l r ; 

2 3 
Jl 

Figure 4.32 An example of the experimental (circles with error bars) and predicted 
(crosses) relative yields of n = 2, 3, 4, 5 for a 45 µg /cm 2 carbon foil. 
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Figure 4.33 The fitted exponent of the power law n-distribution versus carbon foil 
thickness. 
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MINIMIZING HALOS AND LOSSES FROM H0 (n) 

• Low field to separate H+ and H0 (n) 

- Y a 1/nP 
n 

• Thicker foil 

_ y a e·T/ln 
n 

- Trade off with stored beam losses, Lt d a T 
5 ore 

• Ideal field for separati"ng H+ and H0 (n) 

B(z) 

H0 (n)---) 

------------------- •• e ••••••• e •• • •••• 0 •• • a • e a 0 • II II a a • a a a ••••• a a a a a • a • 

z~ 

• Foil in magnetic field 
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2. 7 kG Gypsy SpectrP. ~"r 100 µg Al2 03 Foil in 1.6 kG Field 

-e- 100 µg Al20 3 

-1- 100 µg Al20 3 in 1.6 kG field 
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FACTORS INFLUENCING PRODUCTION OF H0 (n) 

• Incident H-, H0 energy 

• Foil thickness 

• Z of foil 

• Foil Angle ? 

• Structure of foil material ? 

• Magnetic Field in foil ? 
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FUTURE WORK 

• Yield measurements at 400 MeV ( G J. ""f ) 

• Tests of prototype injection assemblies 

~ - Foil in magnetic fierd 
...... 
I . 

• Comprehensive study of candidate stripper foil materials 

·• Measure yields for H0 incident 



BEAM LINE REQUIREMENTS 

• Well collimated, pure H- beam 

- Collimate with strippers, sweep mag_net after last stripper 

~ • Duty Factor >,J;1 % 
I 

• Good vacuum, P < 10-7 Torr 

• '"""' 10 meters of beam line space for apparatus 



I w 
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CONCLUSION 

Important aspects of charge exchange injection 
for high intensity machines can be studied at 

the proposed 400 MeV external H- beam line at 
Fermilab 
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Pulse Width -

from one 200 MHz micropulse to 40 µs macropulse 

Current -

5 - 35 mA 

Intensity -

1 x 108 to 1 x 1013 particles per pulse 

Momentum Spread -

.0153 with 30' lever arms and 1 mm slits 

Transverse Emittance -

77r, smaller with collimators 

Energy -

116, 152, 190, 230, 271, 314, 357, 401 Me V 

Repetition Rate -

single pulse ~o 15 Hz 
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400 Me V B·eam for Less Than Half a Million, 
(Who Could Ask for More) 

Milorad Popovic, Tom Owens and Tanya Bynum, Oct 25, 1993 

1) GOALS-
a) not to be seen by HEP, 
b) to have 115 to 400+ MeV H beam, 
c) for less then 0.5 M$ 

2) GOALS WILL BE ACCO:MPLISHED- using; 

a) 400MeV area 
b) existing magnet gesign 

3) EQUIPMENT NEEDED and COST-
a) two dipole magnts 
b) two power supplies 
c) two quads 
d) two power supplies 
c) pipes and ???? 

TOT AL (tax inc.) 
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121 k$ 
16k$ 
36k$ 
10k$ 

316k$ 

499k$ 
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Console Location 3, 
PA:B5 BOO CAMAC TIMERS 

BS CHOP TIMES 
-<SNP>+ *SB+ Mult 
COMMAND BL-- Eng-U 
-< 1>+ EV14 AUTO 

25-0CT-1993 09:00 

SET 
X=TIME Y=B:CHGO 
I= 0 I= O 
F= • 04 F= 4 

D/A A/D Eng-U +COPIES+ 
,M IBEAMM,B CHGO ,M BLB6 
I 0 ,-1 I 0 
I 4 I 1 , .1 

tmcr** 200 MEV ap4 long3 long13 gamma-t brf by evnt 
-B:CTCB13 Chop Time Begin - $13 2003 2003 USEC • 
-B:CTCE13 Chop Time End - $13 2005 2005 USEC • 
-B:FTCB13 Chop Time Fine Begin $13 2 2 lOnS 
-B:FTCE13 Chop Time Fine End $13 3 3 lOnS 

-B:CTCB14 Chop Time Begin - $14 2003 2003 USEC • 
-B:CTCE14 Chop Time End - $14 2016 2016 USEC • 
-B:FTCB14 Chop Time Fine Begin $14 2 2 lOnS 
-B:FTCE14 Chop Time Fine End $14 3 3 lOnS 

-B:CTCB15 Chop Time Begin - $15 2003 2003 USEC • 
-B:CTCE15 Chop Time End - $15 2012 2012 USEC • 
-B:FTCB15 Chop Time Fine Begin $15 2 2 lOnS 
-B:FTCE15 Chop Time Fine End $15 9 9 lOnS 

-B:CTCB16 Chop Time Begin - $16 2003 2003 USEC • 
-B:CTCE16 Chop Time End - $16 2005 2005 USEC • 
-B:FTCB16 Chop Time Fine Begin $16 2 2 lOnS 
-B:FTCE16 Chop Time Fine End $16 2 2 lOnS 

-B:CTCB17 Chop Time Begin - $17 2003 2003 USEC • 
-B:CTCE17 Chop Time End - $17 2005 2005 USEC 
-B:FTCB17 Chop Time Fine Begin $17 2 2 lOnS 
-B:FTCE17 Chop Time Fine End $17 3 3 lOnS 
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Dosimetry Applications 

· 11 High energy ne,utron dosimetry· 

11 Muon dosimetry 

11 lntercomparison studies 

11 Analysis of beam-on exposure 
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·.·.·.·.·.·.·.·........... Health Physics Applications 
~~:~~ for a 400 MeV Proton Beamline 

I -=:::::i::::::------------------1 
Gaithersburg Workshop 

• High energy neutr9n dosimetry 

• Sponsored by DOE in Gaithersburg, MD 
November 1992 

• "High energy" is 20 MeV 

• DOELAP accreditation is for 1 KeV to 2 MeV 

- Moderated Cf 252 

- Unmoderated Cf 252 

-~-~---·-~--~··~-.---- ...... ..., . .._,_. ___ _., .. ,,,,.~~---~----~ 
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Health Physics Applications 
for a 400 MeV Proton Beamline 

Neutron Measurements at Fermilab 

• J. Cossairt, A. Elwyn, W. Freeman, 
W. Salisbury, P. Yurista 

• Multisphere technique used for 
measurements 

- 7 sphere sizes + bare detector 

- Lil(Eu) "phoswich" or LiF TLD 

- Neutrons detected through thermal capture 
reaction 

• Spectra measured at 14 sites outside 
of shielding 



·8 
IO 10-4 10·2 1d' 

ENERGY ( MeV) 

Figure 1. Shielding geomeuies (left) and co~ng anfolded neuuon cnagy ~a 
(right) far sia•1doas A. B, ud C. The abscissa is m llbiumy mlits of flueace per lopridmDc 
energy imerva1. 
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Health Physics Applications 
for a 400 MeV Proton Beamline 

Conclusions 

·• Neutrons with energy below 0.1 MeV 

- 77% of fluence 

- 23 % of dose equivalent 

• Neutrons with ene,rgy above 0.1 MeV 

- 23 % of fluence 

- 77 % of dose equivalent 

• Neutrons wi~h energy above 2 MeV 

- 1 3 % of f luence 

- 50% of dose equivalent 

-·-~-~~~-~~-~~~-~---~---~---------------------------' 
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\l\l\l~l\~\l\-'. -----------------i 
:·:·:·:·:·:·:·j·:·:·:·:·:· 

Workshop Conclusions 

• Measurements are i~precise and inaccurate above 2 
MeV . 

~ I • Better dosimeters and area monitors are needed . 

• Response of dosimeters as a function of energy is 
poorly known 

• There are no calibration standards for high energy 
neutron detectors 

• There is no serious R&D effort underway 

•RECOMMENDATION: A committed neutron source 
--~·-·-~~~ ............... ------------·--_.....,__--._------------------~-
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Health Physics Applications 
for a 400 MeV Proton Beamline 

Muon Dosimetry 

• Muon studies at CERN 

- dE/dx calculated (Stevenson 83) 

- Dose equivalent not well determined 

- lntercomparison studies (Hofert 87) 

- Calibratio·n considered very important 

• Muon studies at Fermilab 

- Dosimeter response in a mixed field (Cossairt,Elwyn 87) 

- Film, ion chambers 

- TLD, bubble detectors have not been tested 

\.~~·--------.~··------~-----~·_,,,---·-··---------------·-£~- ........... --~---¥-~·-~-------------
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Health Physics Applications 
for a 400 MeV Proton Beamline 

Table I. Results of muon and neutron fluence measurements using plastic scintillators and the multisphere technique 
normalized to I 012 protons on target 

III?! 

Neutrons 

Muo1116
) 

Fluence 

-2 7 F • m xlO rad1on 

0.12 ± 0.38 

5.62 

0.62 

0.38 

Absorbed Dose Dose Eguivalent 

JjGy Fraction ,.sv Fradion 

0.10 ± 0.06 0.08 ± 0.03 l.UI ± 0.31 0.34 ± 0.26 

2.25 0.02 2.25 o.eo 

•)Fluence based on singles counting rates. For Ouence based upon coincidence rates, multiply bJ 0.'15. 

gr 

6.24 ± 0.11 

1 
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.. ........... Health Physics Applications 
m~j:~ for a 400 MeV Proton Beamline 
:::::::::K'=::::::::: 

· -mrn~mm·--: -------------------1 :·:·:·:·:·:·:·:·:·:·:·:·:-

a from (Cossairt,Elwyn 87) 

11 Quality factor ;::: 1 from Stevenson 8:1 

11 Quality factor measured for field with 
recombinati'on chamber 
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Health Physics Applications 
for a 400 MeV Proton Beamline 

rt'r.><lnal ,t.,sinwlry in ii mi\l'J. hit:h·l'lll'f(:~ lidJ e J_ I>. Co~~-\IR I an1I A. J. lt.W\'~ 

Table.'.!. Comparison of dosimeters with ahsorbcd dose measurements using a tissue equivalent ion 'chamber, and 
the results of Table I. The error determinations are explained in the text 

) Absorbed Dose (pGy) Normaliud Absorbed Ddscb) 
lnslrumtnt Type

8 
Total Muon Neutron Muon Neutron 

TEST ONE 

Ion Chamber 606 638f.17c) 56f.l7c) 

Pocket Dosimt>ters (8) 734±.16 

Film Dadgcs (3) 600±,100 100±,38 

TEST TWO 

Ion Chamber 704 644f.l8c) 56fl8c) 

Pocket Dosimeters (8) 748±.20 

Film Dadges (5) 600±,100 75±,13 

•)Number in parenthesis is number of instruments used 

b)Normalized to ion-chamber values 

1.00 l.00 

l.16±,0.05 

0.V4f.0.16 1.72±,0.90 

1.00 1.00 

l.15f.0.05 

O.V3f.0.16 1.27±0.50 

c)Obtained from total absorbed dose by uae or the fractions indicated in Table I. 

Kl~ 

----- --' 
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...... ·.·.-............... Health Physics Applications 
::~JI for a 400 MeV Proton Beamline 
.... €) ...... 

:::::r;;::::::-------------------1 
ntercomparison Studies 

• Oak Ridge studies 

- HPRR used for POIS 1-12 

- Accelerators used for POIS 13-16 

- Energies up to 15 MeV 

- Doses from 0. 6 to 10 mSv 

- Under ideal conditions 51 % of measurements were within 50% of referenc 
values 

• Battelle PNL study currently underway 

- Neutron irradiations from Be(p,h)B using 28 MeV and 50.0 MeV protons at 
Univer 

- No studies at higher energies are now contemplated 
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Health Physics Applications 
for a 400 MeV Proton Beamline 

Beam-On Exposure 

11 Study dose deposition in tissue 

11 Study dependence on field 
composition, energy and geometry 

11 Use layered phantom with implanted 
TLDs or foils 

11 Study activation of tissue-equivalent 
material .. 

---------~~--------·-- -~~--- ----------~----- -~-----·----------·-------------···-···---···-----··--------~ 
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Health Physics Applications 
for a 400 MeV Proton Beamline 

Materials Activation 

• Studies conducted at Fermilab , 

(Cupps, Vaziri,Elwyn 92) 

- Studies are incomplete 

- Studies are not well controlled 

- Material histories not well known 

• Characterization of low-level radioactive waste: 
(Bonano 92) 

- Required by federal and state regulations 

- Much approximation is involved 
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H.ealth Physics Applications 
for a 400 MeV Proton Beamline 

Materials Activation 

11 Environmental studies 

- Ground water activation 

- Soil activation 

11 Radiation damage studies 

- Materials 

- Equipment 

~--~~----·----------·-----------·------------·-------,- -- .. ~~--·--------·------------------~----·-·-·------·---.. -J 
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Health Physics Applications 
for a 400 MeV Proton Beamline 

Shielding Studies 

11 Dose rate measurements 

- Vary geometries 

- Vary materials 

11 Measurements of "cone shape" in 
longitudinal and azimuthal dimensions 
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...... ·.·.·.·.·.·.·.·.·.·. Health Physics Applications 
:m;'i~~ for a 400 MeV Proton Beamline 

:::::~~m::._: -----------------i 
:·:·:·:·:·:·:·:·:·:·:·:·:· 

Software Benchmarking 

• Shielding effectivene~s is calculated using Monte 
Carlo Programs 

~ I - Used generally for high energies 
.i::-
1 

- Low end cutoff at 50 MeV 

• Some codes follow particles to lower energies 

- FLUKA 

- LAHET 

• LAHET benchmarked using 113 MeV and 256 MeV 
protons (Prael 89) 

---------
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Health Physics Applications 
for a 400 MeV Proton Beamline 

Instrumentation 

11 Chipmunks used at Fermilab arid 
Brookhaven 

11 Instruments are calibrated with 
sources (PuBe, AmBe) 

·II Response is not well known above a 
few MeV 

-------A-~----·-... ,._.. ____________ .,_._. _______ ~............,---------.... ·-----------~------·-~·---~--~-·......,.,····-A-..... ------------~----.. ____ ,__,,.__,_,._._.....,., ____ ----··• ------··-···~·-········-······ ·····--····-~·---•AO• .... ,_J 



Neutron Energy Response of the Chipmunk (1055) Chamber In Box 
(steel) to Unshielded Sources, using a ZP1301 GM Detector 

10 

-Cl 

"' I 
0 
CJ 

0 -e ... 
0 
c - 1 
0 • c 
0 a. • • a: 

• > ; 
• "i a: 

.1 
0 

PuU 

to Subtract Photon Dose 5/2190, FK 

Cf" 

Response=(1055-GM)/True Ndose 

1 2 3 4 

Averag~ Neutron Energy (Mev) 

Figure 7 

Neutron Energy Response of the Chipmunk 
(1055) Chamber, In Box (steel), 5/2/90, FK 

Cf 

Response=(10'55-photon detector)/True Ndose 

• 1055-AI (Pb shielded sources) 

o 1055-GM (unshielded sources) 

• 1055-GM (Pb shielded sources) 

2 3 

Average Neutron Energy (Mev) 

Figure· 8 
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5 

5 

Sources: 
238Li-6.4-1 
238F-6.4·1 
Cf252-7.2·1 
238Be-7.2-1 
241 Be-7.2-1 

Sources: 
238Li-6.4-1 
238F-6.4·1 
Cf252· 7 .2-1 
238Be-7.2-1 
241 Be-7.2-1 



Beam Requirements 

AJ. Lennox 
10/27/93 

Accelerator Physics and Dosimetry 
70-300 MeV 
1-10 nA 
Ability to debunch 
Control emittance and energy spread 

Biology 
as low as 10-50 eV 
as low as 1 proton per pulse 
- adjustable on demand 

Physical RequireJDents · 

Rails for installing nozzle components 
Basic nozzle providing lOxlO cm2 field 
Beam flat to 10% 
Positioning mechanism for .phantoms 
Laser alignment system 
Local control room 
Cell lab 
Animal lab 

-397-



Nozzle and Gantry Design 

Cyclotron vs Synchrotron issues 

Range straggling and distall falloff 
vs scanning and modulation 
vs optics and modulator materials 

Dosimetry 

AJ. Lennox 
10/27/93 

Absolute calibration - provide a standard beam 

Develop 3-D detector for dose distributions 
Complex but fast - (expensive) 
~abor intensive - slow - low cost 

Test treatment planning codes 

Pulsed vs slow spill instrumentation 

Proton Radiography (requires scanning) 

"CAT" scans 
Port films 

Cells or animals 
Radio biology 

RBE - cell survival - DNA damage 

Radiation Damage Studies 

-398-



400-MeV Beam Workshop 

HEP/Accelerators 

Fermilab Linac: 

C. Schmidt 
10/27/93 

• 400-MeV beam, 30-35 mA at 15 Hz, -0.1 % duty factor 
(30-60 µsec pulse length) with 100-200 psec micropulses 
(1·2 x E 9 protons) at 200 MhZ (5 nsec separation). 

• Operating for two month. Met our objective and doing good, 
becoming excellent. 

• Operate -10% for HEP and -10% for NTF. 80% beam idle for 
possible other uses. 

Other Uses: 

• Instrumentation and Diagnostics Development. G. Jackson 
and P. Colestock 

Beam detector R&D, Impedance measurements, Ion 
dynamics exp.,kicker R&D, Advanced accelerator studies, 
etc. 

• Radiation Health Physics Applications. D. Boehnlein 

Dosimetry, Materials activation, Shielding studies, 
Software benchmarking, and Instrumentation 

•Atomic Physics. S. Cohen, D. Fitzgerald, H. Bryant, U. Fano 

•Medical Physics and Uses. 

-399-



Implementation: 

• Extract beam near Linac exit by kicker (T. Kroc) 

• Use beam to momentum dump (M. Popovic) 

• Beam sent into linac access way for experimental use. 

• Present conditions with some shielding would allow only low 
Intensity beams and limited use. 

• High intensity beams and multi-purpose facility would 
require extensive improvement. 

-400-
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