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ABSTRACT 

We demonstrate the applicability of 23.85MeV- Y ion-thermometry to DD/DT 

thermonuclear plasmas using commercially available HPGe-detectors protected by a 

proposed differential-filter-shield (DFS) that boosts the y/n signal ratio from 1*10*̂  

at emission to over ONE in the detector. The DFS proposed consists essencially of a 

compact all-around layered-sphere shielding the detector, with a UH window trans

parent to Y 's but opaque to neutrons. The minimal luminosity of the source required 

for the applicability of the method to existing and future tokamaks is discussed. 

Simulations are made with the 3D-MCSC-RWR numerical code. 

1. INTRODUCTION 

To understand the physics as well as to control and monitor plasma evolutions 

in fusion-reactor oriented devices, fast and reliable diagnostics of plasma regions 

where nuclear fusion occurs is needed. Direct detection, complementary to indirect 

detection, is paramount. Diagnostics directly related to the fusion reactions would be 

the best source of information. In particular fusion neutrons as well as D(d, y )4He 

(Ey=23.85MeV) and/or T(d,n)4He (Ey = 16.70MeV) high-energy gamma (HEG) 

would be the best because of their high transmission through device walls and win

dows. The D(d,y)4He reaction would be the ideal tool to evaluate directly the 

plasma temperature and density as the natural width of the y-line is intrinsically 

w = 0 at zero ion-energy. Because fusion gammas have a substantially higher energy 
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than gammas from other reactic , occurring in the device (excitation of the dipole 

resonance included) the diagnostics, free of any interferences, could be established. 

Diagnostics with DD-gamma have been considered in the past, but were judged, at 

the time, of limited use because of (a) the insufficient intensity of the DD-gamma 

radiation (as extrapolated from the then available data limited to energies >600keV, 

assumed to follow the E2-transition of type (1D2_>lsf>[1]) a00" 00 * e non-availabil

ity of high-resolution and high-efficiency gamma detectors. At present, both of these 

obstacles have been overcome. In fact, nowadays tokamaks produce 2*10+1^ 

fusions/s [2]) (and are expected to yield in the near future 1'10 + 1 9 to l*10 + 2 ° 

fusions/s [3,4]). Furthermore, recent experiments have shown that the values of the 

D(d,Y)4He cross section below E(j=20keV are dominated by E^transitions, but of 

the type ( ^ - ^ D Q ) [5] and thus are 2.5 orders higher than the previous estimates; 

this places the cross section ratio for DD-fusion at S(d,Y)/S(d,n) = l'10"7. Indepen

dently, recent progress in the production of HPGe detectors has made detectors com

mercially available with a volume of 500cm3, a resolution as good as 20keV for 

Ey =23.85MeV and which can accept counting rates as high as 3*10+^ c/s [6,7,8]. 

7T is makes them adequate tools for plasma temperature measurements. The draw

back of HPGe-detectors is the degradation of their energy resolution when exposed 

to fast neutron fluence [9,10], which is the predominant component of fusion 

emission. It is thus time to reconsider the practical potentials of fusion gamma-line-

broadening (and intensity) diagnostics a.; the direct way to the measurement of energy 

spectra of fusing ions. 

We shall discuss the following questions: (1) what type of differentiaMilter-

shield of neutrons against gamma should be designed to improve the gamma/neutron 

counting rate and at the same time ensure minimal degradation of energy resolution; 

(2) what is the minimal radiation luminosity of the fusion device that consents the 

collection of statistically reliable gamma spectra. 

To answer these questions, we numerically simulate a DD-gamma diagnostic sys

tem in a design as realistic as possible. For the purpose we use the powerful Monte 

Carlo subroutine system 3D-MCSC-RWR, which gives a precise simulation of 

neutron/gamma random walk in devices of sophisticated structures [11,12]. As nuclear 

data files we use ENDF/B6 [13] for neutrons and EPDL (in ENDF/B6 format) for 

gamma [14]. 
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2. HIGH-ENERGY GAMMA DETECTING SETUP AND ITS RESPONSE 

TO THE EXTERNAL BEAMS OF NEUTRONS AND HEG 

In the present numerical study we take as the shield-filter what we consider to 

be a reasonable setup for high-energy gamma detection (HEG-D), see Fig.l. The 

neutron and gamma random-walk is numerically simulated through the entire setup 

and is relevant to the discussion on the particular neutronic/photonic characteristics of 

the HEG-D system response. It is obvious that optimizing the choice of the HEG-D 

shell-structure and dimensions is a multi-parameter problem requiring a large effort 

and CPU-time. In the present work we applied our relevant past experience in trans

port/shielding of neutrons and gamma [12,15,16] and concentrated mainly on the neu

tron filter and the HPGe detector response to the filtered radiation. 

2.1 Characteristics of the Neutron/Gamma Source 

The radiation source is represented by a beam of neutrons and gammas directed 

quasi-parallel to the axis of the shield tip (5° of divergence randomly distributed 

inside the limits of the beam). Two types of plasmas were studied: 

(i) DD-plasma emitting 2.45MeV neutrons (Gaussian with FWHM=0.26MeV, 

i.e. Tj=10keV) and an intrinsic sharp 23.85MeV gamma (with a width and 

shift defined by the plasma temperature [17]); 

(ii) DT-plasma emitting 14.2MeV neutrons with a spectrum as roughly estimated 

from Ref.[18], and its 16.70MeV DT-gamma (FWHM=580kcV further 

widened by plasma temperature [17]). 

Relative intensities of gamma and neutrons are taken in accordance with 

cross-sections of fusion reactions which do not take into account differences in trans

mission through a tokamak window and a first shield. The HEG-D system is further 

tested under two extreme operating conditions: 

(a) exposure to a "narrow beam" impinging ONLY onto the tip of the shield rod; 

this is the case of a well shielded device, similar to the situation in which the 

HEG-D is placed behind the biological shield of the tokamak with the rod 

protruding through a window, and 

(b) exposure to the "wide beam" impinging onto the whole HEG-D shell; this is 

the case of a fully exposed HEG-D system placed in the tokamak room. 
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22 Characteristics of the Neutron/Gamma Differential Filter-Shield (DFS) 

The neutron/gamma DFS spherical shell (for compactness) design consists of 

two important elements: the DFS --oper (two rods) and the remaining shell constitut

ing the main shield. The differ-.~c.al filtering rods are composed mainly of LiH, a 

material known for its excellent capabilities of scattering/moderating/absorbing 

neutrons. The rod in the front of the sphere plays the important role of scattering 

neutrons out of the direct beam. As a result, the empirically chosen DFS attenuates 

the 2.45MeV neutron flux by a factor of about 25* 10-10 but remains transparent to 

HEG (15% of the incident Y -beam-intensity is transmitted). The layered spherical 

shell serves as the shield against neutrons, and gamma produced in neutron induced 

reactions. Its role is extremely important if one considers the "wide beam" option. 

23 Neutron and Gemina Signal at the HPGe Detector 

For the present study we simulate as gamma detector a commercial HPGe 

closed-ended coaxial (h=8.8cm, dia.=7.6cm, Vol=403cm^) detector [6]. We chose an 

"on-sheir detector instead of an "available by customer request" larger volume unit to 

stress the present potentials of the proposed diagnostic method. For the detector 

energy resolution we took FWHM = 20keV from extrapolated from experimental data 

at 16.1MeV [7]. The detector resolution is irrelevant at this stage of the study but 

serves to demonstrate that near-zero-degree scattering of gammas does not introduce 

any broadening of the gamma lines. Figure 2 shows the relevant parts of the HPGe 

detector signal in response to HEG detected in the "narrow beam" version. The three 

peaks correspond to the 0- 1- 2-escape (i.e. non absorbed) gammas of the pair pro

duced in the positron annihilation. Both spectra are very similar, they have different 

amplitudes as a result of attenuation in the neutron filter and for a shielded detector 

one notices a slightly higher "background " between peaks caused by detection of 

near-zero-degree scattered HEG. 

2.4 Comparative Analysis of Signals from Neutrons and Gammas 

Numerical simulation (3D-MCSC-RWR subroutine complex) allows the distinc

tion between the different origins of radiation (space, material reaction, etc.) contrib

uting to the HEG-D signal leading to a precise quantitative evaluation of the 
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contributions of the gamma of neutron origin. However, at this stage we shall limit 

ourselves to an overestimation of their effect, leaving the quantive evaluation to the 

optimization stage. 

In Table I we present a comparison of the neutron and HEG signals. All data are 

normalized to one neutron in the beam impinging on the high-energy gamma detect

ing system. 

TABLE I 
Comparison of the Neutron and HEG Signals 

Radiation 

DD(G) 

DT(S) 

Neutrons at 

detector/emttted-neutron 

Beam 

narrow 

flux*% 

0.43'lOr13 14% 

0.74,10'09 34% 

extended 

flux*% 

0.13»10-7 2% 

Q.IVWT4 24% 

Energy 

(MeV) 

D D Y 2 4 

DTY17 

D D Y 2 4 

Gammas 

emission 

1*10*7 

6*1(T5 

0J*1(T9 

y/n ratio 

at 

detection 

Beam 

narrow 

3.5*10+5 

8*10+ 4 

7*i<r1 

extended 

8 

4 

DD (G): Gaussian (EQ=2.45MeV, FWHM « 0.26MeV) 

DT (S): Roughly estimated spectrum emitted from a tokamak with DT plasma 

DD Plasma: Ey * 2.45 MeV & En = 2.45 MeV at emission 

y/n in beam 

Y/YoET>23MeV 

Yo from reactions 
(EYo<10MeV) 

Components of Signal 

at emission 
at HPGe detector 

from scattering 
in the HPGe 
in the shield 

in the HPGe 
in the shield 

Narrow Beam 

1*1(T7 

3.5*10+5 

9.4*10-2 
0.2*l<r2 

OJ'IO"2 



Data in Table I have a statistical error of 15% due to the limited statistics of the 

neutron/gamma histories considered for calculations. Results reveal that using the 

proposed DFS, counting rates due to HEGs are strongly predominent over gammas of 

neutron origin. 

3. CONCLUSIONS 

In the course of the present study we have: 

(a) Designed a special differential filter/shielding system allowing the reversal of 

gamma/neutron yield ratios from Yv/Yn
 = 1* 

10-7 in the beam to Yv/Yn>:>l 

detect, d by gamma detector (for DD plasma); a similar reversal has also been 

obtained for DT plasma. 

(b) Simulated the HEG response signal that would be recorded by a 

HPGe(400cm3) commercial detector placed inside the shield (see Fig.1). The 

high-energy part of the Y -spectrum reveals no visible broadening of lines due 

to near-zero HEG scattering in the differential filter. 

On the basis of our results, we make the following conclusions: 

(1) High-energy 23.85MeV gammas for DD diagnostics of the fusion plasma is 

feasible as far as its relative count ratio is considered. The meaning of this 

statement is that the only limitation which arises due to the use of the 

HEG-diagnostic is related to the adequate luminosity of the HEG-source. It is 

not related to pile-up of neutron signals (important for a source with 

d Yn/dt>4*10+12 neutrons/cm2,s) or degradation of energy resolution by fast 

neutrons (important for Yu>2'10 + 8 neutrons/cm2 at the HPGe); 

(2) The present generation of tokamaks (like JET) would offer a sufficient HEG-

yield so that the proposed diagnostics should be considered as applicable 

today. This conclusion can be roughly examined if one considers the following 

parameters (for an experiment at the JET tokamak): fusion yield is 2*10+16; 

sector of plasma in view of the biological shield opening 100cm2; HEG-D 

shield set at 3r. from the center of the plasma in view; attenuation in the 

tokamak shield 10%; and attenuation in the DFS 20%. As a result, one can 

expect > 100 c/s under Tjll energy and escape peaks which corresponds to an 

uncertainty in Tj of about 14% [19]). For IGNITOR or ITER machines one 
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can expect even higher fluences for 23.85MeV gammas and even more favor

able conditions for the DT 16.70MeV gammas. At this early stage of study we 

have not yet sought to optimize the differential filter and/or shell-shields. 

Nevertheless, the present material shows unambiguously that high-energy 

gamma diagnostics of fusion plasma is realistic Real designs of the HEG-D 

system require a definition of the experimental conditions (plasma source, 

space/environment in the experimental room) for which the HEG-D system is 

to be optimized (including the choice of HPGe detector as well as its posi

tion). 
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5CRLE = 1 : 40.00 
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AXIAL-SECTION : GE-OETECTOR 

SCRLE = 1 : 8.00 

04/06/9314.22.03 

Fig.1 Differential filter shield (DFS): 

(a) Main pans of the HEG-D system as seen by the computer and used to 

generate the detector response. A beam of neutrons and gammas illumi

nates either the entire detector shell (broad beam version) or is limited to a 

beam having the size of the entrance window to the DPS (narrow beam 

version). 

(b) Details of the HPGe detector as seen by the computer; the HPGe is 

simulated according to the design of the 400cm3 PopTop Capsule (OR-

TEC). 
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Figi High-energy part of the detected signal of a 25MeV-gamma (Tj-0) beam 

impinging on the shielded HPGe (400cm3) detector; shields are shown in 

Fig. 1. The strongly fluctuating signal between peaks reflects statistical 

fluctuations due to the limited number of gammas used in the simulations. 

Escape to full energy peak ratios as well as detector efficiencies are in 

agreement (15%) with the data extrapolated from the literature. 
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