
Fig. 1: Coil windings and spatial temperature distribution: (a) min(P) coil, (b) minimum 
hot spot coil with M=8 and N=15 Fourier modes, and (c) with M=10 and N=20 modes. 

Fig. 2: Coil windings and spatial temperature distribution for 
insulated case: (a) min(P) coil, (b) minimum hot spot coil. 

 Table 1: Hot spot temperature (above ambient) for current 
density xi (i=0:16) at each iteration of Eqs. (1)-(2). 
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Introduction: Heating is a considerable concern in the operation of gradient coils. Temperature hot spots can occur in regions of the coil where there is high current 
density, or equivalently, where the gradient coil windings are closely spaced. A theoretical model was presented by While et al. [1] for predicting the steady-state spatial 
temperature distribution of a gradient coil of arbitrary size and for a range of thermal material properties. This model was also used to provide a temperature constraint 
for a non-linear iterative optimisation routine for redesigning gradient coils to have lower hot spot temperatures [2]. Other coil design methods exist that consider the 
problem of gradient heating by spreading coil windings [3], minimising maximum current density [4] or optimising the spacing between coil layers [5]. Here we present 
an extension to the hot spot minimisation technique of While et al. [2] for the design of gradient coils with asymmetrically located target regions. These coil types have 
troublesome dense portions of return path windings and hence display elevated hot spot temperatures [1]. 
 

Method: We consider the design of a cylindrical x-gradient coil of radius rc = 0.25 m and length 2L = 1 m, with a spherical target region of radius 0.15 m displaced by 
0.15 m from coil centre along the z-axis, and a 50 mT/m gradient field. The model of While et al. [1] is used to predict the spatial temperature distribution over the coil 
surface assuming it carries a surface current density j (A/m), represented here using Fourier series. Heat processes included in the model are Ohmic heating by the 
current density, heat conduction throughout the copper layer, radial conduction through an epoxy former, and radial convection and radiation to a lossy environment. A 
number of modifications have been made to the temperature model including more accurate representations of the internal energy storage of the entire system, the 
radiative loss of heat at the outer surface, and the effective thermal conductivity for the copper layer. The total square of the gradient of the temperature distribution is 
used as a constraint in the current density optimisation, as used successfully by While et al. [2]. An iterative technique is required since this constraint is not quadratic 
with respect to current density, and a functional involving field error, coil power and the maximum temperature constraint is minimised at every iteration. This is 
accomplished using the following two-step numerical scheme [2]: 

1) Solve: (A + λPP) Xi = T + λQQ(xi) 
2) Update: xi+1 = ω xi + (1 – ω) Xi. 

In Eq. (1), matrix A and vector T contain field error conditions, matrix P contains minimum power 
conditions (regularisation parameter λP), and vector Q contains minimum hot spot temperature 
conditions (weight λQ). Vector Q is evaluated using the current density coefficients from the 
previous iteration, which are stored in vector xi, and for the first iteration a standard minimum 
power coil is used as an initial guess x0 (eg [6]). The updated current density coefficients xi+1 are obtained from Eq. (2), which is a relaxed fixed point iteration routine 
with relaxation parameter ω. Values for the parameters λP, λQ and ω are fixed for all iterations and must be chosen with care to ensure convergence (see [2]). 
 

  

 

Results and discussion: Fig. 1 displays a number of coil winding solutions and their corresponding temperature distributions under forced air cooling, over one quarter 
of the coil surface. Fig. 1(a) shows the results for a minimum power coil with field error δ1/2 = 0.80%, efficiency η = 108 μT/A/m and inductance L = 359 μH (η2/L = 
32.7 μT/A/m4). This coil is estimated to have a steady-state hot spot temperature of max(T*) = 60.2 K (above ambient). Using this current density as the initial guess in 
Eqs. (1)-(2) and performing 15 iterations with λQ = -8×10-15 and ω = 0.9, we observe a drop in max(T) as shown in Table 1 (the column norm(xi+1 − xi) confirms 
convergence). After 15 iterations the hot spot temperature is 50.4 K (above ambient), which represents a 16.3% improvement. The coil windings and temperature 
distribution corresponding to this new current density solution are displayed in Fig. 1(b). In comparison to Fig. 1(a) the coil windings are more evenly spread, which 
leads to a smoothing of the hot spots and a lower max(T*) value. The cost is an increase in field error δ1/2 = 0.94% and slight reduction in coil performance η2/L = 32.5 
μT/A/m4. Comparing the minimum hot spot coil of Fig. 1(b) to a minimum power coil of equivalent field error, we note an 11.5% improvement in hot spot temperature 
for a 6.1% drop in coil performance. This is in contrast to the results for symmetric coils in which hot spot temperature improvements of up to 20% were obtained at no 
loss to coil performance [2]. The trade-off for the asymmetric case can be improved upon slightly by increasing the number of current density Fourier modes from 8 to 
10 in θ and from 15 to 20 in z. Fig 1(c) displays one such higher mode result that offers a 10% improvement in hot spot temperature for a 4.9% drop in coil performance 
when compared to a minimum power coil of equivalent field error (δ1/2 = 0.90%). Note that the freedom afforded by the additional modes results in an uneven spread of 
windings and a greater degree of curvature. It is important to stress that results change considerably depending on the assumed thermal material properties of the coil 
prior to optimisation. For example, if an effective thermal conductivity is considered for the copper layer such that it contains 5% epoxy, this results in considerable 
insulation of heat. Fig. 2(a) shows this more insulated case for a minimum power coil. Notice that the position of the primary hot spot is now at the opposite end of the 
coil. Fig. 2(b) shows the result of performing 15 iterations of Eqs. (1)-(2) with λQ = -6×10-17 and ω = 0.8 for this insulated case. Here the coil windings have been 
modified only slightly but primarily in the upper portion of the coil in contrast to Figs. 1(b)-(c). Comparing this result to a minimum power coil of equivalent field error, 
we obtain an 8.5% improvement in hot spot temperature plus the added benefit of a 1.2% improvement in coil performance (η2/L). Since the precise location and extent 
of the hot spot for a particular gradient coil is highly dependent on thermal material properties such as thermal conductivity, former thickness and cooling mechanism, it 
is important to use temperature distribution information in constructing an appropriate optimisation constraint in hot spot minimisation. In summary, the presented 
method can be used to adjust coil windings to reduce hot spot temperature at little or no cost to coil performance in the design of asymmetric gradient coils. 
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1(a) 2(a) 2(b) 1(b) 1(c) 

Table 1 x 0 x 1 x 2 x 3 ….. x 15

max(T* ) (K) 60.2 57.7 55.2 53.8 ….. 50.4
norm(x i+1 -x i ) - 260 104 72.9 ….. 6.42

T* (K) T* (K) 
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